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" I. Introduction

Shielded cables have been used extensively on aircraft, ground and space- 0

missile systems to reduce the electromagnetic coupling (crosstalk) between

electrical equipments which are interconnected by wires. The wires which

interconnect these electrical and electronic devices are generally routed in ]

densely-packed, cable bundles. The unintentional electromagnetic coupling or

crosstalk between these wires may be of sufficient magnitude to degrade the

performance of the equipments which the wires interconnect. In order to re- "

" duce this level of crosstalk, shielded cables and twisted pairs of wires have

been employed.

In an earlier report [1], the prediction of crosstalk to braided-shield

cables was investigated. The braided-shield cable consists of a circular,

cylindrical shield which is composed of belts of wires, interwoven to provide

flexibility and an interior wire (the shielded wire) located on the axis of =0

the shield as shown in Fig. 1-1. The interior wire or shielded wire is of

radius rw and the shield has radius rs . The shield thickness, ts, is approx-

imately equal to the diameter of the wires making up the braid which have

radius rb, i.e., ts = 2r . The shielded cable usually has an overall,

insulating jacket of thickness t., and the shield is woven in B belts of wiresJ

with a weave angle of 0 as shown in Fig. 1-1. Each belt tontains W wires. 0w

If the length of the shield is denoted by /s' then each braid wire is of

length Xs/cos O . The medium internal to the shield and surrounding thew

interior, shielded wire is a dielectric with permittivity e = ce v and perme-

ability u = 
v where the permittivity and permeability of free space arevJ

denoted by z and pv' respectively.

In terminating a braided-shieiu cable, for example, at a connector, the

1
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braid is often stripped back exposing the interior, shielded wire as shown

in Fig. 1-1. The braid is terminated (usually to a ground plane such as an "

aircraft structural skin) via another wire which will be referred to as the

pigtail wire, These exposed terminal sections will be referred to as pigtails

throughout this report although this use of the term is not standard. The

term pigtail is sometimes used elsewhere to denote the pigtail wire. The

length of the left pigtail section will be denoted by o L and that of the

right section will be denoted by t.R The total length of 0

the cable is denoted asf = L + + XR

When braided shield cables are terminated in connectors in this fashion,

the shielded wire is directly exposed over the pigtail sections to other wires

in the cable bundle which are also terminated at the connector as shown in

Fig. 1-2. If it is desired to carry a shield connection through the connector,

a separate wire, the pigtail wire, connects the shield braid to an additional 4

connector pin, To avoid bunching of these shields at the connector, the pig-

tail sections at a connector are generally of different lengths. The various

design handbooks 14,5,6] seem to recommend against using pigtail sections. It

appears to be common nevertheless [7,8]. In fact the author has observed pig-

tail sections in excess of 6 inches.

It was shown previously [1,2] that the coupling over the pigtail sections 0

may constitute the dominant coupling mechanism to the shielded wire. Even

though the total length of the pigtail sections, 't + ;p,, may constitute
PL pR

only a minor fraction of the total cable length, it was shown in [1,2] that, S

depending on the values of the cable termination impedances, the contribution

to the received voltages at either end of the cable (the voltages of the

shielded wires) due to the pigtail sections can be larger than the contribution

3
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over the (much longer) shielded section. In this situation, the shield simply

serves to reduce the exposed length of the interior wire ( + from

serespL pR

what it would be if no shield were present (i). Thus the shield still pro-

vides a reduction in crosstalk. However, it was shown in [1,2] that if the

pigtail sections were eliminated, one could realize an additional reduction in

crosstalk of as much as 30dB (over certain frequency ranges). Thus the

effectiveness of the shield in reducing crosstalk can be substantially reduced

by the pigtail sections.

An additional result shown in [1,3] was that the crosstalk to or from a

braided-shield cable including the effects of pigtail sections could be pre-

dicted quite accurately with the multiconductor transmission line model (MTL)

whose basic features are described in [9]. Certain other features of the

coupling which are distributed parameter in nature could not be predicted with

lumped circuit models. For example, it was shown in [1,2] that the coupling

to a shielded cable in which only one end is grounded depended, in some cases,

very strongly on which end of the shield was grounded. This is clearly a dis-

tributed parameter phenomenon, and the MTL model predicted this result quite

accurately. In addition, it was shown in [2] that the coupling to a shielded

wire may depend quite strongly on the orientation of the pigtail wires. Simple

lumped models failed to predict these effects, whereas the MTL model predicted

these results quite accurately.

In order to describe the coupling through cable shields we first consider

a cable having a solid shield. The coupling from an exterior field to the

interior, shielded wire for solid-shield cables is described by a surface

transfer impedance, ZT, per-unit-of cable length. For an infinitely long,

solid, conducting cylinder, suppose the cylinder carries a total current I '0

5
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directed in the axial (x) direction where I I in + I The return path for

I. is within the cylindrical surface while the return path for I isin out•

outside the surface. The conducting cylinder has finite conductivity a and

therefore the current I flowing along the cylinder will induce electric fields

on the inner and outer surfaces of the cylinder, Ei and E o respectively,

which are directed in the axial direction of the cylinder. The currents and

induced electric fields may be related as [10-13, 19, 221

"pre. z IF1
E iii 1o in

00] Li V/m (1-1)

Elz z IIout Loi o0 out.

The terms z.. and z may be thought of as per-unit-length self impedances

of the surfaces:

E..

".zii I lout 0 (1-2a)lin .

Eout I
z0  =---- Q/m (1-2b)

out I in 0

whereas the terms z and z are called surface transfer impedances
io 01

(per-unit-length):

Ei I in 2/m (l-3a)
out Tin

E t
z. °u l /m (1-3b)

i=in I out 0

These surface transfer impedances relate the current on one surface of the

,+6

a

bp -- --- - - - -



cylinder to the induced field on the other surface.

The two surface transfer impedances z. and z will be assumed to be
10 0

equal and will be designated as ZT, i.e.,

zT = z = z . (l-4a)

The self-impedances of the shield, z.. and z will also be taken to be the

same and designated as zs, i.e.,

zS a z0 (l-4b)

Certainly for cylinders with wall thicknesses which are sufficiently small,

these , be reasonable approximations. Thus (1-1) becomes

in Zs T in .

U: t ]= [i(1-5)
Uout T ot

The surface transfer impedance accounts for skin effect - the tendency

for a current to concentrate on a conductor surface nearest its source. At

D-C, any current flowing in the shield will tend to be uniformly distributed

over the shield cross section. As the frequency is increased the current tends

to concentrate towards the shield surfaces. Thus for increasing frequencies

less current diffuses through the wall to induce an electric field on the

opposite surface. In the limit as the frequency is increased without bound

there is perfect isolation between the inner and outer walls of the shield.

If the frequency is sufficiently small so that the shield thickness is less

than a few skin depths, the surface transfer impedance is approximately equal

to the impedance of the shield. In fact, the two should converge as the fre-

7



quency is reduced to zero. We will often refer to this surface transfer

impedance, ZT9 for solid shields as the diffusion impedance and denote it as

Z d = zT for the above reasons.

The surface transfer impedance represents the coupling of some field

external to the cylinder to the field internal to the cylinder and occurs via

diffusion through the finitely conducting shield. This surface impedance is

employed to predict the coupling from some field incident on a coaxial cable

* to the loads connected to the end points of the coaxial cable in the follow-

ing manner [191. As an example, consider the coaxial cable above the ground

plane shown in Fig. 1-3(a)The coaxial cable consists of a conducting cylinder

and a concentrically-located, conducting wire. An incident field, such as a

uniform plane wave, illuminates the cable and induces a current, Io, flowing

along the shield and returning through the ground plane. For the purposes of

computing this induced current, Iout it is universally assumed that the

interior of the shield and, in particular, I. have no effect on the external
in

circuit [19]. In other words, Iout is traditionally calculated as simply the

current induced on an isolated cylinder above ground. Thus we assume a uni-

L- lateral effect - outside to inside - to simplify the calculations. Then the

effect of this induced current, I , and consequently the incident field, on

the internal structure is manifested as a per-unit-length voltage source in

the cable interior equal to zT Iout (V/m). The equivalent circuit represent-

ing a small, Ax section of the shield and interior, shielded wire is shown in

Fig. 1-3(b).

The per-unit-length impedance of the interior wire is represented by z ]
and the per-unit-length inductance and capacitance of this Ax section of the

* line are represented by Z and c, respectively. The current I. produces a
8 n

84
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+
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(b)

S

Figure 1-3. Field-to-wire coupling involving shielded cables.
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voltage drop z Ax I. along the interior surface of the shield as indicated
S in

by (1-1) and (1-2a), and the effect of the external shield current, Iout,

- induced by the incident field is represented by a voltage source zT I Ax as
-" out

indicated by (1-1) and (l-3a).

From the equivalent circuit in Fig. 1-3(b), we may derive the transmission

line equations as [9]

dx) (zw + z + jWX) I in(X) + zT I out(x) (-6a)

i" dl.n(x)
in = -juc V(x) (l-6b)

dx

Note that the effect of the incident field appears in these transmission line

equations as a driving term, ZTIt.

This is an example of the use of the surface transfer impedance for

solid, cylindrical shields. For braided shields, additional coupling occurs

via the small holes in the shield introduced by the overlapping, wire braid.

This construction of the shield braid introduces small, diamond-shaped holes

between the belts of wires. These holes allow other coupling mechanisms to

occur between the outside environment and the interior, shielded wire which

were not present for a solid shield. For the solid shield, the coupling from

the exterior to the interior occurred only by diffusion through the metal.

For the braided shield, additional inductive and capacitive coupling occur via

the holes in the shield as discussed by Latham [15,16] and Vance [17].

Latham provided the following development. Suppose the braided shield

and interior wire are perfectly conducting. Consider a small Ax section of

* the cable as shown in Fig. 1-4. Select a planar surface of length Ax between

the interior wire and the shield as shown in Fig. 1-4(a). Faraday's law

10
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Figure 1-4. Surfaces and contours for the derivation of the transmission-line
equations.



written around this contour is

E .. - jW JH s (1-7)

C S

Write the flux through the surface as

= k Ax Ic - ZT Ax I (1-8)

where I is the total current carried by the interior wire and I is the totalc s

* current carried by the shield. Defining the voltage between the interior wire

and the shield as

wire

V(x)=- E d (1-9)

shield

we obtain

V(x + Ax) - V(x) - w(. Ax I - 2TAX I) (1-10)
c c T s

Dividing (1-10) by Ax and taking the limit as Ax -> 0 yields

dV(x) (-1
-.- =- j w2 I (x) + jWT I (x)

and
r

2= n ()(1-12)
4Tr r

ability of the interior medium. The quantity ZT is the per-unit-length

* transfer inductance which is zero for solid, circular, cylindrical shields

which have the interior wire on the axis of the shield. Holes in the shield

as well as shields having a conducting direction not along the x axis (such

as tape-wound) cause XT to be nonzero.

12
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Similarly, consider Fig. 1-4(b). A closed surface is constructed around

the interior wire. Writing Ampere's law for this surface

-H)' T j s f E s (1-13)

we obtain

Ic(x + Ax) - 1 (x) = jW QC (x) (1-14)

where Qc is the total charge contained on the interior wire over Ax. The

* charge on the interior wire and on the shield, Qs' can be related to the

voltage as

V Ax= s Qc ST Qs (1-15)

Solving (1-15) for Qc and substituting into (1-14) we obtain as Ax - 0,

dI (x) s
d- - jsV(x) - j-Q (x) (1-16)

For a circular, cylindrical shield

Zn (--.) (1-17)2rc rw

The transfer elastance sT is due to the penetration of the electric field

lines through the shield. The terms ZT and s are determined for braided
T T

shield cables in terms of the magnetic and electric polarizabilities of the

holes in the braid [16].

Vance [16] has chosen to include the diffusion term in the voltage change

expression for braided shields as was present for solid shields. For a

braided shield, Vance assumed that all strands of the braid were connected,

electrically, in parallel. For example, if there are B belts of wires, W wires

13
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per belt and the braid is woven with a weave angle Owl then the per-unit-length

D-C resistance of the braid is --

rD r a oO~ /m (1-18)
""rDC = rb- c B W cose

w

: where rb is the radius of each strand and a is the strand conductivity. Vance

presumes that this braid impedance is modified with increasing frequency in

the same manner as the solid cylinder. Thus the per-unit-length diffusion

impedance, Zd, is taken by Vance to be

ZdrC 'M (1-19)
d rDC sinhyd

where d is the diameter of the braid wires, d = 2 rb, and y = (1 + j)/6 where

6 = (irfpa)- 1/2 is the skin depth. The self impedance of each strand of the

braid, z is chosen here to be computed as the impedance of an isolated round

wire. The total self impedance of the braid is then chosen as the impedance

of all strands in parallel.

Comparing Fig. 1-3 and Fig. 1-4(a) we note that

I lin (l-20a)

":I= I - I.
s out in

or

,. = It (l-20b)
in c

out s c

Substituting (l-20b) into (1-6) and adding the transfer inductance and transfer

elastance we obtain

1

t14



Li ~~~dV (x) ( z +w-~~)
dx w s d c (zd +j ) 1(x) (l-2la) -d

"" ~dIc(x) ".'

= - jwc V(x) - jwc sT Qs(x) (l-21b)

where the diffusion impedance is z d and the total transfer impedance for

the braided shield now becomes

zT = Zd + jW9T ST/m (1-22)

The purpose of this report is to extend the above concepts to multi-

conductor cables in which the individual wires may be unshielded or shielded

with solid or braided shields. The results will be incorporated into a

digital computer program, SHIELD, which may be used to predict crosstalk in

cables which have shielded wires. A description of the program is given in

Section III. A User's Manual is given in Section IV. The shields may have

pigtail sections as described previously. The pigtail section lengths need

not be the same. Two choices of reference conductor for the line voltages

are available. The cables may be over a ground plane or within an overall, 14

circular cylindrical shield.

The distributed impedances of all conductors due to their finite con-

ductivities are included in the model. This allows the modeling of common .40'

impedance coupling as is illustrated in Fig. 1-5. Consider two wires and

a reference conductor shown in Fig. 1-5(a). At a sufficiently small frequency,

the current in the generator wire can be computed as

G  (1-23)

ZOG +XG

The majority of this current passes through the reference conductor pro-

ducing a voltage drop across the reference conductor total impedance Zo, of

15



ZOG 0 Generator Wire IG

VG Receptor Wire ZG

I a_--

SG Zo Reference Conductor

(a)

p, .I-

NetReceived t/
VZ R Voltage .

* or
i VO R / %-Common Impedance

* --Electromagnetic Coupling Contribution
/---Coupling Contribution

Assuming Perfect Conductors

0 Frequency

(b)

* Figure 1-5. Common impedance coupling.

16



v c  0ZiG  (1-24)

This common impedance voltage is then coupled directly to the receptor

circuit producing voltages

ZOR V (•25a)

OR ZOR + R C

.
zR

V %XR I (1-25b)
OR R

These low-frequency voltages produce a "floor" in the low-frequency cross-

. talk as shown in Fig. 1-5(b).

Each cable shield may be grounded to the reference conductor (via

the pigtail wires) at one end, both ends or neither end. The lengths of

each pigtail section on each shielded cable may be chosen by the v.-vx. For

example, a shield may have no pigtail at one end and a pigtail at the other.

In section II, the derivation of the line equations is presented.

Comparisons of the code predictions with experimental data are provided in

Section V. A listing of the code is given in the Appendix.
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II. Derivation of the Line Equations

The basic technique is illustrated in Fig. 2-1. A line is shown for

Uilusttation in Fig. 2-1(a) as having 2 unshielded wires and 2 shielded cables

having pigtail sections of various lengths. The line is divided into sections

of uniform cross section. The chain parameter matrices 6 (which in this

case are 12 x 12) are obtained for each section and the overall chain para-

meter matrix of the line, 4, is determined as the product (in the appropriate

order) of the chain parameter matrices of the individual sections as described

in [1]. Once the overall chain parameter matrix for the entire line is de-

termined, the two terminal constraints are incorporated and the terminal

voltages (and/or currents) of the line are determined. This is the essential

technique involved in the program.

2.1 Shielded Section %

First consider the case of u unshielded wires and s shielded cables (with

no pigtail sections) as shown in Fig. 2-2. The line axis is the x-coordinate

*. axis and the phasor conductor currents for sinusoidal steady-state excitation

of the line are defined in the +x direction. The current in the reference "

conductor is the negative sum of these U + 2S conductor currents. U conductor

currents, I, are defined for the unshielded wires anu 2S currents, I^ andI wi i

Is,, are defined for the shielded cables as shown in Fig. 2-2. The phasor

voltages of the U + 2S conductors, V V and Vsi, are defined with respect
wi ,' Fi 51

- to the reference conductor. 7,

To facilitate deriving the line equations, it is convenient to redefine

the voltages and currents of the shielded cables as shown in Fig. 2-3. The

shielded wire voltage is defined as

V^= V^. - V (2-1)V wi wi si

18
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I U 0
Vw I Unshieldedj

'wU Wires

vwUU

-w I ISI

wl V S1S h ie ld ed
Wires

IWS 'sS

~s vS

Reference Conductor

(Ground Plane or Overall Shield)

U Sx + as Ii

Figure 2-2. Definition of conductor currents and voltages.
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w0

I'

v IVsi I:

I O

U S

Figure 2-3. Derivation of the voltage change equation for a shielded cable.
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, and the voltage of the shield remains unchanged. The shielded wire currents

are redefined such that a current in the shield has Isi and I. with a return

exterior to the shield and I with a return interior to the shield.

Defining a contour as shown in Fig. 2-3 between the shield and the

reference conductor and between x and x+Ax and writing Faraday's law around

this contour we obtain, in the limit as Ax 0 [1],

L .. dV

S iw - si Ii) + Zdi (Iai) (2-2)

U S
" + J kTi I ^

- Z {E I . + E (Isi + ri-
. i=l i=l

where si is the per-unit-length magnetic flux penetrating the surface

bounded by the contour due to all currents in the system. This is determined

by assuming the conductors are perfect conductors and the shields are solid

with no penetrations. The other per-unit-length quantities on the right-hand-

side of (2-2) are the self impedance of the shield, zsi, the diffusion

impedance of the shield zdi, the self impedance of the reference conductor z

and the transfer inductance of the braided shield (due to holes in the braid)

zTi If the shield is solid, ki is removed and zs. and zdi are changed.

The voltage change expression for the shielded wire voltage (with respect

to the shield), V~i, is obtained in a similar fashion:

dV-.
-Vxwi - Wi i Mi si li Zdi lwi zdi si

.+ j £TI Wi + Jm£Ti Isi (2-3)

Here is the per-unit-length magnetic flux penetrating a similar contour

22
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between the shield and the shielded wire and between x and x+Ax, and z^. is
W01

the per-unit-length self impedance of the shielded wire. The other quantities.

are the same as for (2-2). Again, if the shield is solid rather than braided,

k Ti is removed from this expression and z si and z di are changed.

With the relation in (2-1), the voltage change expression for V-.. becomes 0I. WI
dV-. dV^. dV

WI dx (2-4)
dx dx dx

W OP0 (s + 0i )

si Wi

si zdi jwTi si

- 2(zs - Zdi - I -
dWi

- z^. I^-. 4O
WI W1.

U S
- 0 { 1 I.+ Isi + I.}

i=l W i =lSi W

The voltage change expressions for the voltages with respect to the

reference conductor of the unshielded wires are obtained in a similar fashion:

dVw i
--- = - JwW 0 - z~ 10j (2-5)
dx jW i zWiI Wi(25

U S

- z { r .+ z (Is + i.)}
0il i=l i

The above equations can be placed in matrix form in the following manner.

Define the U + 2S vector of line voltages (all with respect to the reference

conductor) as

23
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V -,VI(2-6)

where

V = (2-7a)

V = (2-7b)

V-:1 S (2-7c)

Write the vector ofU + 2S line currents as

[;i] (2-8)
where

1= (2-9a)

24



=--sIj=} S (2-9b)

I- I S (2-9c)

Then equations (2-2), (2-4) and (2-5) become

j, I- 7I- z0 J Li (2-10)

where the dot denotes ordinary derivative with respect to x and the (U + 2S) x

(U + 2S) matrix Z is~C

SZ 0 0
-W

Z = c (Z - Zd - L "T) (2-11)

0 (Z Z - JwLT) [2(Z - Z j TwL) + Z-]
S ~-S d - -W

The submatrices in (2-11) are diagonal with the main diagonal entries given by

Z ] = z i = 1, --- , U (2-12a)

[ Z ]. = z i =1, --- ,S (2-12b)

[ d ]ii = Zdi i ,, S (2-12c)

[ Zw ii = z. 1, --- , S (2-12d)

LT ]ii = kri 1=i,---, S (2-12e)

and all other entries are zero.

25
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We denote the entry in the i-th row and J-th column of a matrix M by

I M ]ij" The matrix U is the (U + 2s) x (U + 2S) unity matrix with ones in

every position:

1 1 1-- -- -- --

U (2-13)

I I I

1 1 1- -- -- --

Once again, if the i-th shield is solid, ZTi is removed from LT and Zdi and

z. are computed for a solid shield.

The (U + 2S) vector j relates the per-unit-length magnetic fluxes passing

between each conductor and the reference conductor to the line currents via the

(U + 2S) x (U + 2S) per-unit-length inductance matrix L:

L 1 (2-14)

- where

[L] ij (2-15)

for i,j = 1, --- , U+2S.

Computation of the entries in L are described in [1] and [24]. The self

inductance of a shield is computed as though the shield were a solid wire.

The mutual inductances between a shield and an unshielded wire are similarly

computed. The only variation from this obvious scheme is the computation of

4 the mutual inductance between a shield 
and its shielded wire. This is equiv-

alent to the self inductance of the shield as described in [1]. The compu-

tation of the per-unit-length transfer inductances is described in [22,23].

The primary definition of the per-unit-length inductance matrix is

2
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U.. L L L

_L L I

where is a vector of per-unit-length magnetic flux passing between each

wire and the reference conductor, js is a vector of per-unit-length magnetic

- flux passing between each shield and the reference conductor, and lp is a

* vector of magnetic flux passing between each shielded wire and the reference

conductor. From the definition in (2-16) one can easily obtain the entries

in L [1]. With these definitions, the voltage change expression in (2-10)

becomes

V(x) =- (z + z U + jw L) I(x) (2-17)

It now remains to determine the second transmission-line equation - the

current change expression.

The current change expressions are similarly computed. Essentially we

need to relate the voltage of each conductor to the per-unit-length charge

carried by that conductor. The per-unit-length charges and conductor voltages

are defined in Fig. 2-4. These definitions are directly analogous to those #1
for the line voltages and currents in Fig. 2-3. The shield carries per-unit-

length charges q and q-, on its outer surface and -q%. on its inner surtace.

1 .0 1
Voltages Vwi, V . and V are defined as in Fig. 2-3.

The basic relationship is:

27
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~0

-q-i (inside)

qsi
4.- (outside)

vi

VSi

US

Figure 2-4. Derivation of the current change equation for a shielded cable.
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--s _q+S qs+S
- w S ww _ ~ w s _ s + Sw ,

-s sw ~ss(s +swC4hW (2-18)
V^S^ _w+ S^ _qs+ S-^

W -W Ws S ~ww %F

where the vectors V, Vs , V are defined in (2-7) and

q~wl-.

_w U (2-19a)

~q wu jJ D

"qsl

s S (2-19b)

q ss

S (2-19c)

q ws

in matrix notation, (2-18) becomes

--V ~W S ~WW

- SW _ (2-20)

V- S^ S^ S^ l

v s _q.

21
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I II . 1 , - It - 1
! 

- -I l .[ IL . . . -_.- -. .

The current change expression is obtained by inverting (2-20) as

_q V (2-21) e

CV

where we denote the per-unit-length capacitance matrix as •

C = S (2-22)

1 Multiplying both sides of (2-21) by jw we obtain

jwR(x) = jWC V(x) (2-23)

Defining

_ (x) = - jwq(x) (2-24)

we obtain the current change expression

.(x) -juC V() (2-25)

The holes in the braid of a braided shield cable introduce additional

terms in S. We may treat the unshielded wires and shields of the cable as a

set of U + S wires in a homogeneous medium (free space here) so that [1]

S S L L
. ~ws 1 ~ww (ws

s S v Cv L L
~sw _ss ~sw ~ssJ

tsymmetric, i L = L t  L = t and L = L t wherewhc ssymti, -ww ~wl LSS ~SS' ~ws ~ws -sw ~ws

we denote the transpose of a matrix M by M t . That is, the upper left block -

of L in (2-16) are computed as though the shields comprise a set of isolated

wires and = in (2-20)
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In order to determine the remaining entries in S, consider the definition

of S in (2-20) and the voltage and charge definitions in Fig. 2-4. In (2-20)

setting w= = 0 we obtain from the first equation

_V =Swwr~ (2-27)
-%. =qs 0o

From Fig. 2-4, we clearly have

S =S (2-28)
_~ww _~ws

* Similarly

V = Ss^ q (2-29)

qw =q 0

so that from Fig. 2-4 we have

S ^ S + S (2-30)
.sw ~ss _T (2-30

The matrix ST is diagonal and has the per-unit-length transfer elastances

STi as determined by Latham [15,16] on its main diagonal:

[STlii = STi (2-31a)

is = 0 (2-31b)
T ij

For the last block row of S we determine the entries S^, S^ , S-- with
-WWI ~WS' WW

the definitions in Fig. 2-4. For example, in terms of V-,

V= S- qw + S- + Sq- (2-32)

-_W Www-w ws Rs _Www 1

and

V^= V + V (2-33)
- -- 3
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So it remains to determine S-, S-, Sf^. Setting s = 0 in (2-32) we
~ww' ~WS ~ww

have

• " v --
(2-34)

qs -- 0o

IThus

S = 0 (2-35)ww

(Actually S is not zero due to penetrations for braided shields. But when

added to S according to (2-33), it is felt that this will be negligible,<, ~sw

compared to the entries in S and is accordingly neglected.) Now

4SW

-w ws (2-36)

_qw 4 =_o

Here penetrations through braid holes probably should be included so that .

* [15,161

S = S (2-37)
~ws ~T

Similarly,

SI -w _.s =

But this is simply the interior, self-elastances of each shielded cable [i]:

n (rsi/ri

iiS=] nir=r2 .) (2-39a)~ww ii 27rr.

= 0 (2-39b)
"ww ij

i# j

where rsi is the interior shield radius, r,. is the radius of the shielded

32
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wire and c is the interior dielectric permittivity. Define

SIT S__ (2-40)INT ww

With the above results and (2-33) we obtain

S^' S + S^ (2-41a).ww -sw ..w

SW

S^ ~S + S,..ws _ss _ws (2-41b)

=S + S
_ss _T

S-- - +S-^(2-410)~ww *sw w

,sw + SNT

~S + S+ S
8s _T JINT

Thus

- w ws _ws1

S SS(S ] (2-42)

L S ws (S ss S T (S + S T+ S

In order to show that this result is reasonable, suppose all shields

are solid so that S 0.
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Then

S S S

S= St SS (2-43)

st S I S +S

.ws ss I .ss INT

In order for the results to be reasonable for solid 
shields, the structure of

the per-unit-length capacitance matrix C must 
be [1]

[s S 
0 

00

C S 1 0 + 0 CIN
= ws ss+ JNT INT (2-44) 5

0 - 1 0 -C - L TINT CINT

where

-INT -INT(2-45)

is diagonal. The matrix in (2-44) can be inverted in block 
form using the

results in [25]. Matching blocks in (2-43) we obtain

€ -i

S ? S S0 0

.ww _ws ? wW _ww + s
-+S :t t (2-46a) '

_s W S Sw _SSWS Sss 0 C INT .

tNTJINTJrNT

4- -

." S t  S 0C-
, w s ~ s s - I N T - I N T

i3



which is true. "ie identity matrix is denoted by 1. Similarly

_w [:: Zr: I LINT J

(2-46b)

tS
,S S t  S '-C%

_ssj ~ws ~ss IN , -

which is true. Also

S t S - C -Cw ~ ws-ws ~ss] -INT] ~CIN (2-46c)
~S ~ SS

which is true. Finally

-1 ~-1
1 s +s S FClCIN -d FWS
ss INT [JNTJ L-INTJ L (2-46d)

t-ssj

which is also true. Thus we have shown that for solid shields, the result is

reasonable.

The computation of the transfer elastances is described in [22,23]. The

only remaining calculations are for S, Sws, S ss. These are computed from

the per-unit-length inductance matrix of the isolated system of U unshielded

wires and S shields [1]:

ww ~ws I iw ~ ~ws- I
St  P vE L t  L(2-47) -1

2.2 Pigtail Sections
0

If a pigtail occurs over a section of line as illustrated in Fig. 2-1,

certain entries of L and Z in (2-17) and S in (2-20) associated with the

shield attached to the pigtail and its shielded wire are computed differently.
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With regard to the entries in L, the pigtail wire is simply treated as another

wire instead of a shield. Thus those entries associated with the shielded

wire and the shield in L , Ls^, L^^, are simply computed as thtugh the

shielded wire and the pigtail wire are ordinary wires and one does not enclose

*the other. The self impedances of the shield in Z are now computed for the

pigtail wire, and the corresponding entries in Z and L are zero.

A similar process applies to the entries in the per-unit-length elastance

matrix S in (2-20). Those entries in S ^, S - S--, associated with the pig-

tail wire and its shielded wire are computed as though these were simply two

wires with neither one enclosing the other.

2.3 The Chain Parameter Matrices of the Sections

Consider a typical uniform section of the line of length;. The trans-

mission-line equations are

V(x) = - (Z + z U + jw L)I(x) (2-48a)
~c O

i(x) = - jW C V(x) (2-48b)

we may compute the chain parameter representation of this uniform section of

line [1]:

j2l R 11 2 jLx
[ R = L L) (2-49)

"! I(X R) 21 022 LI(X L

where x is the coordinate of the right end of the section, xL is the
R L

coordinate of the left end of the section and the section length is

,g x -x (2-50)
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We first compute the elgenvalues and eigenvectors of the product Y Z

where

Y = JWC (2-51a)

Z = Z + z U + JL (2-51b)
- .~C O."

The (U + 2S) eigenvectors are arranged in a (U + 2S) x (U + 2S) matrix T such

"- that

YZT = 2 (2-52)

2~

where y2 is a (U + 2S) x (U + 2S) diagonal matrix containing the eigenvalues

of Y Z on its diagonal.

The entries in # are then determined from [9] as

1 y-i -2 -

i= Y Y T[e y- + e T Y (2-53a)

1 - 1 y-i e; _ e -1i -
2 Y T y [l e- T- (2-53b)

1 eY X -y -1 -l
21 - 2 T [e - !f T] Y (2-53c)

i2 eY e ! ] T 4

21 TT [eT + (2-53d)

22 2Tr. ~~-

The (U + 2S) x (U + 2S) diagonal matrix y is the square root of y 2 and the

(U + 2S) x (U + 2S) diagonal matrices e.Y  and e-!X have entries e and 0

-Yix
e on the main diagonals, respectively.

2.4 The Overall Chain Parameter Matrix of the Line

Once the chain parameter matrices of the sections are determined, the

overall chain parameter matrix of the line is the product (in the appropriate

order) of the individual chain parameter matrices of the sections as is

illustrated in Fig. 2-1 [1]. .
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2.5 Incorporating the Terminal Conditions

The final step in this process is the incorporation of the terminal

conditions at the two ends of the line into the overall chain parameter matrix

of the line of total length X in order to solve for the terminal voltages

and/or currents of the line. The general terminal configuration is shown in

Fig. 2-5. The terminal configuration at the right end, x =4,t, is similar.

Each unshielded wire and each shielded wire is connected to the reference con-

ductor and each other by an admittance. A current source is also attached to

each of these wires (and directed from the reference conductor to the wire).

Each shield may be connected to the reference conductor via a short circuit

or an open circuit.

In order to incorporate the terminal conditions, we first rearrange the

overall chain parameter matrix of the line. At this stage, the overall chain

parameter matrix of the line (which is the product of the individual chain

parameter matrices of the sections) is of the form

V (2') V (0)

V (X) V-(o)

- (2-54)

Ie(2) I (0)

*is(2) I (0)

D (0)

- Rearrange the rows and columns of this matrix such that
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x

. . . .. .. . . . .. .. . .... 0
0 a0

* I 0

Figure 2-5. The terminal constraints of the line at x =0.0
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V V

12 I 1 14 w (O))

U+S 1 V(f) I I V (o) u+sI I -

V - V1 (0)
_ . ---- ,

-- --w(0)
U+S () '1 I 2 I 3 I 2 ()U+S

{ )31 32 I P3 3  4)34 S
I I I(0)

0 41 IP42 I 44 S

In each vector, the first U + S entries contain the unshielded wire and

shielded wire voltages. The next U + S entries contain the unshielded wire

and shielded wire currents. The next S entries contain the shield voltages,

V , for those shield terminations which are open and the shield currents, I,

for the remaining shield terminations which are shorts. The next S zero

-" vectors are constraints imposed by the zero shield voltages for those shields

which are short-circuited and the remaining shield currents for those shields

.* which are open-circuited.

Thus
v (;C v (o

:~ -1 -.- 0"1

Ks( 1 V (o) =[(5

U!Jl o :1
• For the general terminal configuration in Fig. 2-5 we may write a

*2 generalized Norton equivalent repre'sentation relating the unshielded wire and

i-. shielded wire currents and voltages:

-40
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j-w(0) V - (0)
-Y + (2-57)L (O~~j -o so _

The main-diagonal entries of Y are the sum of all the admittances connected

S to the corresponding wire while each off-diagonal entry is the negative

of the admittance connected between the appropriate wires. This is the usual

K nodal admittance matrix of lumped-circuit theory. The entries in I are the

values of the appropriate current sources connected to each wire. The con-

straint at x = Xis similar:

Y -" (2-58)

Substituting (2-57) and (2-58) into (2-55) we obtain

II I" ,

( 12 Y o- ll) [ -13 O~ V w (0) 12 IS

V (O)

2Y0-1) Y -0 V (r)
'!220 2l -w2 1 +* -

, S s$ 22-S0
S--(2-59)

Y 0 0 V (0)
~4 ~i * --s ) 42 ISO

Y I
(532Y0-31) 0 ' -33 1 s (2) 32-IS0

X L

Equations (2-59) may be reduced by noting that the last set of equations

may be separated from the first three.

41



4

Thus

(-12Y0-i -13 V_(0) 12 -ISOI ~~I_!---

V(O

' I_ (2-60a)"" ( 21-0 - 21 )  1 -1 23-w ),- 2;!S

, v-(o) "-ie 2- :S

.- C

.- is ~320 3[ (0) +  3 j )] +32 Is0 (2-60b)(0)
IAO 1 (0)

These may again be simplified. The frtset ofequations inEquation

i (2-60a) may be solved for

l

[ - lY - V) + 13 + J+ 1 2 I (2-61)

Th Substituting into the last two sets of equations in (2-60a) yields the only

simultaneous set of equations which need be solved:
. V (0) V I-Ss (0)~i''

0 lY- O + y+ (ll)-6 1)33)

12 I v s (0) I -

--- --- --- -- - ,-- :w(). t,2 -so

V^ V(O)

I -_

t i(2-62)

a-. Once the U + 2S equations in (2-62) are solved for the terminal voltages

at x = 0, V (0) and- V^(O) the terminal voltages at x (0, v() and

-wS -Y 
-vY 2

S(Z), are obtained directly from (2-61),

I

S L 2 - - 4 43 L S(O J -42402

(262
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III. Description of The Program

The contents and operation of the code will be described in this chapter.

The cards (lincs) in the program deck are sequentially numbered in columns

73-80 with the word SHLD in 73-76 and the card number in 77-80. The program

is written in Fortran IV language and is double precision. A listing of the

program is contained in Appendix A. Steps required to convert the program to

* single precision are given in Appendix B and a flow chart is given in Appendix

C. In this flow chart, the numbers on the left and right of the individual

boxes denote the beginning and ending card numbers of the corresponding portion

of the code listing, respectively. The program was implemented on an IBM

370/165 digital computer at the University of Kentucky using the WATFIV wq

L compiler, and the single precision version should be implementable on

other computers. The program requires certain function subprograms and sub-

* routines which will be described in this chapter and are supplied with the

main program. In addition, the program requires two subroutines from the

IMSL (International Mathematical and Statistical Library) package [261. The

first of these subroutines, LEQTIC, solves a set of simultaneous, complex

equations and the other, EIGCC, determines the eigenvalues and eigenvectors

of a general, complex matrix. Any other general purpose subroutines of this

type may be used. See [27] for a description of LEQT1C and EIGCC and their

argument lists.

3.1 Main Program Description

Cards 1-37 contain comments concerning the general applicability of the

program. Cards 38-113 contain =rray dimensions and type declarations. The

total number of unshielded wires is NU and the total number of shielded cables

is NS. Certain combinations of these variables which are used in examples of -.
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L dimensioning are given in cards 48-53. Either NU or NS may be chosen by the

user to be zero. However, if either is chosen to be zero, certain dimensions

must be set to 1 and not zero. See cards 85 and 97.

Cards 114-116 define two common blocks used to transfer certain constants.

Cards 117-135 define certain constants. Most of these are obvious. Constant

CMTM = 2.54D-5 when multiplied by a dimension given in mils (.001 inch)

converts that dimension to meters. The quantity RADEG = ONE80/PI converts

radians to degrees, and V = 2.997925D8 is the velocity of light in free space.

ERTE is the permittivity of free space.

Cards 136-342 read the input data concerning dimensions and properties

of the line conductors as well as lengths of pigtail sections and properties -

of the shields. The reader is referred to the next chapter - user's manual -

for a definition of these input parameters. Cards 344-517 read the terminal

admittanca, current source and shield grounding data.

Cards 519-561 read the frequency (F), the reference conductor impedance

- (ZC) and compute the self impedances of the unshielded wires (array Z ,VV), the

self impedances of the pigtail wires on the left end (array ZWPLV) and right

end (array ZWPRV) of the line, the self impedances of the shields (array ZSV),

the diffusion impedances of the shields (array ZDV), the transfer inductances

of the shields (array LTV) and the transfer elastances of the shields (array

STV).

Cards 563-633 compute the overall chain parameter matrix of the pigtail

sections on the right end of the line. Card 570 stores the lengths of the

right pigtail sections (array LPR) into array LPT. Cards 573-576 initialize

* the overall chain parameter matrix of the right end to the identity matrix.

- Cards 578-588 determine the length of the first (rightmost) pigtail section
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(variable LMINR) as well as the longest pigtail section, LMAXR, and initialize

the entries in array KEY to indicate whether a shielded cable is shielded over

this section (KEY=l) or has a pigtail over this section (KEY=2). Array KEY

is the key to keeping this information sorted out. Card 589 calls subroutine

INDUCT which computes the per-unit-length inductance matrix, L. Card 593

computes Z = jwL + z U as in (2-17). Card 596 adds the self impedances of

* the unshielded wires. (See equation (2-11). Matrix Z is added to the above.)
-W

Subroutine IMPADD is called in card 598 to add the remaining self and diffusion

" impedances, Z and Z the self impcdances of the shielded wires, Z^ as well

as the transfer inductances L to complete the formation of (2-11) and thus Z.

Card 599 calls subroutine SCAP which forms the per-unit-length elastance

matrix of the unshielded wire, shield system; that is, equation (2-42) without

S T and SINT. Subroutine ADMADD in card 600 adds S T and S INT to this result

-I
to complete the formation of S in (2-42). Cards 601-605 compute S (and stores

-1 -i -i
S in array TI). Cards 607-610 compute Y jwC = jwS and Y Subroutine

MULTC forms the product YZ in card 611 and stores in array TI, and subroutine

EIGCC computes the eigenvectors of YZ (stores in array T) and eigenvalues,
2 -

y , (stores in array CAM). Cards 613-618 compute T and cards 619-620

compute y and stores in array GAM. In card 621, subroutine PHI computes the

chain parameter matrix of this section (stored in array PHIT) and MULTC forms

the product of PHIT and the previously stored (accumulated) chain parameter

matrix of the right pigtail section, PHIR, and stores in array TPHI. Cards

623-625 store TPHI in array PHIR. Array PHIR thus is a "running" accumulation

of products of the chain parameter matrices of these individual sections of

the right pigtails. Cards 626-627 subtract the length of the present pigtail

section, LMINR, from each of the right pigtail section lengths and redefines "m
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them in array LPT. The code returns to statement 117 (card 577) and continues

again through this section unless there are no nonzero pigtail section lengths

for this pass. Card 581 checks for this condition and when no nonzero pigtail "

section lengths remain, the code goes to statement 132 (card 630) and begins

processing the left pigtail sections in an identical manner. At this point

the overall chain parameter matrix of the entire right pigtail section is

stored in PHIR.

Cards 634-704 process the left pigtail sections in an identical fashion
I

as for the right pigtail sections and stores the overall chain parameter

matrix in array PHIL.

Cards 705-747 compute the chain parameter matrix for the shielded section

(a section with no pigtails in the interior of the line) and stores it in

TPHI. Card 748 computes the product TPHI * PHIL and stores in PHIT and card

749 then computes PHIR * PHIT = PHIR*TPHI*PHIL and stores in TPHI. At this

stage, TPHI in card 749 contains the overall chain parameter matrix of the

entire line and it remains to incorporate the terminal conditions.

If the line should contain only unshielded wires, the code bypasses the

above pigtail and shield calculations and computes the chain parameter matrix

directly in cards 751-786 and stores in TPHI.

Cards 788-859 rearrange the overall chain parameter matrix rows and

rcolumns as described in section 2.5. Once this is completed, the terminal

conditions are incorporated into this rearranged chain parameter matrix in

cards 860-909, and equation (2-62) is formed. This is solved in card 910 and

* "equations (2-61) are formed in cards 911-924. Array EP contains

V (0)
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from equation (2-62) and array EN contains

from equation (2-61).

Cards 925-962 compute the magnitudes and angles of these terminal

- voltages of the unshielded and shielded wires and print the results.

*" 3.2 Function Subprogram LST -o0
Cards FLS1OOO-FLS1O014 contain a function subprogram for computing the

per-unit-length self inductances of wires above a ground plane. For a wire of

radius rw at a height of yi above ground, the result is [9,24]

LSI = Zn H/m

Wi

3.3 Function Sub program LMl -.

Cards FLMIOOOI-FLM1O017 contain a function subprogram for computing the

per-unit-length mutual inductances between two wires above a ground plane. For

two wires at heights yi and yj and horizontal coordinates z. and z*, the result

is [1,9,24] [4
LMl = -1,- n + 2 H/

dij d-

where

2 2
d y.)2 + (z - z.)

3.4 Function S ubprogrgam LS2

Cards FLS2000-FLS20014 contain a function subprogram for computing the

per-unit-length self inductances of wires within an overall, circular,
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cylindrical shield. For an overall shield of interior radius R and a wire

of radius rwi located r from the axis of the shield, the result is [9,24]

R 2 i
LS2 = 9, n R 3 mj

3.5 Function Subprogram LM2

Cards FLM20001-FLM20019 contain a function subprogram for computing the

per-unit-length mutual inductances between wires within an overall, circular,

cylindrical shield. For an overall shield with interior radius R and wires

which are at radii r. and r. from the axis of the shield and separated by
1 J

angle Oi., the result is [9,24]

r. (rir.) + R - 2r.r. R 2 cos(O..I. M2 v k n (-RI  -- "
[(rirj) + rj -

2 rir cos(O ij

3.6 Function Subprogram. STB

Cards FSTBOO01-FSTBOO73 contain a function subprogram for computing the

per-unit-length transfer elastances for braided shields which are entires in

ST in equation (2-42). A table of values of this parameter for discrete

values of braid weave angle for angles less than or equal to 450 is given in

* [22]. An interpolation routine described in [23] is used to interpolate this

table. -

3.7 Function Subprogram LTB

Cards FLTBOO01-FLTBOO73 is a function subprogram for computing the per-

* unit-length transfer inductances for braided shields which are entries in LT

in equation (2-11). A table of values of this parameter for discrete values

of braid weave angle for angles less than or equal to 45' is given in [22].

An interpolation routine described in [23] is used to interpolate this table.
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* 3.8 Function Subprogram ZWW

Cards FZWWO001-FZWWO027 contain a function subprogram for computing the

per-unit-length self impedances of stranded wires. The per-unit-length self

*... impedance of one strand is determined, zST, and the NST strands are treated

as being connected in parallel so that the total per-unit-length self

* impedance of the stranded wire is ZWW = z /NST '/m. The programmed equations
ST

are described in [1,27]. For a solid cylinder of radius r and conductivity

a, the skin depth is

6 1PU

V

41

-7,27r YaT x 10

the D-C per-unit-length resistance is

= /m -*

DC 2
w

and the D-C per-unit-length internal inductance is

z v w
DC Tir

= .5 x 1O- 7  H/m

Includi'- skin effect, the programmed equations are [1,27] 0

(I) r < 6

r = rDC Q/m

9 = ZDC H/m
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(11) 6 < r < 36
w

1 r
r = ~(-+ 3)r~ DC

r
k = [1.15 - .15 ( 9)1 2DC H/m

(III) r > 36

r
r =- w /m

26 'DC

9, 26 9 /
r DCrw .

. The per-unit-length self impedance of each strand of radius r is
w

z r + j2 Q/m
ST

3.9 Function Subprogram ZDB

Cards FZDBOOOl-FZDBOO23 contain a function subprogram for computing the

per-unit-length diffusion impedances of braided shields. For a braided shield

having B belts, WPB wires per belt and weave angle O, the result is [1]

y 2rb
ZDB = rDC sinh(2yrb) 2/m

*i where the braid wires have radius rb,

-Y (1 + jl)/8 -

6 1

and rDC is the per-unit-length D-C resistance of the braid [1]

rDC 2 1
T orb B WPB cos(OW)

(All braid wires are treated as being connected in parallel.)

50

S11



3.10 Function Subprogram ZSB

Cards FZSBOOOl-FZSBOO29 contain a function subprogram for computing the

per-unit-length self impedance of a braided shield. The per-unit-length

impedance of each isolated braid wire, z is computed as described in

section 3.7 and the result is [1]

zb

ZSB = B/m
B WPB Cos(Ow)

3.11 Function Subprogram ZDS

Cards FZDSOOO-FZDSO020 contain a function subprogram for computing the

per-unit-length diffusion impedances of solid shields. The shield is treated

as a thin-walled (relative to the shield radius) cylinder and the equations

are [171

y t s /m

ZDS = rDC sinh (Yts) Q

.4

where the shield is of conductivity a, interior radius rs, thickness ts and

1
rDC T a t (2r + ts)

S sS
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5v

y= (l+jl)l6

3.12 Function Subprogram ZSS

Cards FZSSOOOI-FZSSO024 contain a function subprogram for computing the

per-unit-length self impedances of solid shields. The shield is, as in ZDS, 0

treated as a thin-walled cylinder and the equations are described in [27]:

ZSS= r + jwk Im
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.4

where the shield has conductivity a, interior radius r and thickness tS
S s

r 2t 2t

s• rr Lcosh(-T) cos(- s ) /
r = in 2t _ 2t "

6 6

r 2t 2t

__ s nh -- i sin(-)
21rr a6 I 2t 2t

cosh(6) cos(-)

and6 is the skin depth.

3.13 Subroutine MULTC

Cards SMUL0001-SMULO017 contain a subroutine for multiplying two complex

matrices B and C as

A=BC

* A is of dimension NL x NR,

B is of dimension NL x NM, and

C is of dimension NM x NR.

3.14 Subroutine SCAP

Cards SCAP0001-SCAP0024 contain a subroutine for computing a portion of 4

the per-unit-length elastance matrix, S, described in section 2.1. The

routine computes equation (2-42) for only the system of U unshielded wires and

S shields, that is, S without submatrices S and S Those submatrices are
..T -IND.

added to this S in subroutine ADMADD. The matrix to be computed is

'V S S S ^

-w Ww wswp .ww -w

KO - wswp _sspp ~sw,pw p

liV W S ^ S ^^ S^^ _

-L 1.ww sw ,pw ww - W

Here w denotes unshielded wires, s denotes shields, p denotes pigtail wires
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and w denotes shielded wires. First the per-unit-length elastance matrix is

~ computed from the per-unit-length inductance matrix L as

1
S= - L

v v

Then a check is made using array KEY to determine if, in fact, a shield is

actually present over this section rather than a pigtail wire. If so, those

entries in S^ - need to be changed to the corresponding ones in S as
ww -ss,pp

indicated in equation (2-42). Entries in S - and S are already computed
Ww -sw1'pw

correctly in L by subroutine INDUCT.

3.15 Subroutine INDUCT

Cards SINDOOO-SIND0169 contain a subroutine for computing the per-unit-

length inductance matrix L given in equation (2-14) - (2-17):

L L L
.Ww ~wSwp ~WW

L= L L L
.wswp ~ss,pp ~sw pw.

L t  L t  L^"

w ~sw,pw ww

subscripts w, p, s, w have the same meaning here as in the previous section.

Tf over this section, no shields are involved, i.e., each shield is in fact a

pigtail wire, then L is computed in a straightforward fashion as that of a

system of U unshielded wires, S shielded wires and S pigtail wires. If, over

this section, a shield is present (determined by array KEYV, then appropriate

entries in L - are equal to the corresponding entries in L since the
~ww ~ws,wp

mutual inductance between an unshielded wire and a shielded wire is the same as

the mutual inductance between the unshielded wire and that shield [1].

Similarly, certain entries in L are equal to the corresponding entries in
~sw,pw
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L since the mutual inductance between a shield and its shielded wire is
-sspp

the same as the self inductance of that shield [1].

3.16 Subroutine PHI

Cards SPHIO00-SPHIO054 contain a subroutine for computing the chain

parameter matrix of a section of line as described in section 2.3. To save

array space several dummy arrays are used temporarily and written over.

* 3.17 Subroutine ADMADD

Cards SADMOOOI-SADMOO30 contain a subroutine for adding S and S to

the S matrix generated by subroutine SCAP to yield the per-unit-length

elastance matrix S in equation (2-42).

3.18 Subroutine IMPADD

Cards SIMPOO01-SIMPOO39 contain a subroutine to add the self impedances,

diffusion impedances and transfer inductances (Z , zd LT  to the per-unit-

*length impedance matrix to yield Z in equation (2-11). The self impedances

of the shielded wires Z^, are also added
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IV. User's Manual

In this section we will provide a user's manual showing the format and

description of the required input data. The program requires that the input

data groups be organized as shown in Table 1 where the number of unshielded

wires is U and the number of shielded cables is S. These card groups must 0

follow the main program, function subprograms and subroutines in the order

shown in Table 1. The data entries on the cards are either in Integer (I)

format, e.g., 35, or in Exponential (E) format, e.g., 12.6E-3. All data

entries must be right-justified in the assigned card column block. These data

entries are printed out by the program. It is highly recommended that the

user check this printout of input data to insure that the input data are as 0

intended.

In the main program, the user must appropriately dimension all arrays for

each problem. Comment cards are provided at the beginning of the main program

to assist the user in providing proper dimensions. " .

Program SHIELD considers a transmission line consisting of U unshielded

wires and S shielded cables and an associated reference conductor. The

reference conductor type is determined by:

TYPE = 1: The reference conductor is a ground plane.

TYPE = 2: The reference conductor is an overall, circular, e

cylindrical shield.

Cross-sectional views of these two structures are shown in Fig. 4-1 and Fig.

4-2. S

4.1 Transmission Line Characterization Cards, Group I

The purpose of this group is to define the type of reference conductor,

the total line length, the number of unshielded wires and the number of 0
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TABLE1

Card Group Organization Data

*(Note: the card groups must be arranged in the following order.,,

*Card Group2 Table

1) Line Characterization I2

2) Unshielded Wires (Omit if no unshielded wires)

Wire 1 11 3

Wire 2 11 3

Wire U II 3

3) Shielded Cables (Omit if no shielded cables)

(111(a) 4

Cable 1 III(b) 5

II11(c) 6

[111(a) 4

Cable 2 I11(b)5

II11(c) 6

J 11(a) 4

Cable S 111(b) 5

111(c) 6
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TABLE 1 (Cont'd)
Card Group Table

4) Terminal Constraints

(a) Unshielded Wires (Omit if no unshielded wires)

Wire 1 IV(a) 7

Wire 2 IV(a) 7

Wire 2 IV(a) 7

I t
I I
I I

Wire U IV(a) 7

(b) Shielded Cables (Omit if no shielded cables)

Cable 1 IV(b) 8

Cable 2 IV(b) 8

I I

I I
I I

Cable S IV(b) 8

(c) Mutual Admittances

(See Table 9 for order information) IV(c) 9

5) Frequency and Reference Conductor Impedance

frequency 1 V 10

frequency 2 V 10

I I

I I"
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Figure 4-1. The TYPE 1 structure.

58



Q-i

U%,

59



4J

shielded wires. In addition, if the reference conductor is an overall,

circular, cylindrical shield (TYPE 2) as shown in Fig. 4-2, then the interior

radius of this shield, R is defined.s

The format of these cards and their order is shown in Table 2.

4.2 Unshielded Wire Characteristics Cards, Group II

The purpose of this card group is to define the relative positions and

the characteristics of the U unshielded wires. The format and order of these

cards is shown in Table 3.

4.3 Shielded Cable Characteristics Cards, Group III(a)

The purpose of these cards is to define the relative positions and the

characteristics of the shielded cable shields and the characteristics of their

shielded wires. The format and ordering of these cards is given in Table 4.

4.4 Pigtail Wire Characteristics Cards, Groups III(b) and III(c)

The purpose of these groups is to define the relative locations and the

characteristics of the pigtail wires. The cards for the pigtails at the left

(x = 0) end are Group Ill(b), and their format and ordering are given in :"

Table 5. The similar cards for the pigtails at the right (x = ) end are

Group 111(c) and are described in Table 6. -•

The angular positions of the pigtail wires are measured in the counter-

clockwise direction when looking from x=0 towards x=;e.

4.5 The Terminal Characteristics Cards, Group IV

The general structure of the terminal networks is illustrated in Fig. 2-5.

At x=0 and x=Z an admittance in parallel with a current source is connected

between each unshielded wire and the reference conductor and between each

shielded wire and the reference conductor, Card Group IV(a) (Table 7) defines

these for the unshielded wires, and Card Group IV(b) (Table 8) defines these

L
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TABLE 2

Format of the Line Characterization Cards, Group I

Card Column Format

Card #1

TYPE (1,2) 1

Card #2

S(total line length in meters) 1-10 E

Card #3

U (number of unshielded wires) 1-2

Card #4

S (number of shielded cables) 1-2 I

Card #5 (Omit if TYPE=I)

R (interior radius of overall shield 11-20 E
5

for TYPE 2 structures in meters)

0-

61 .
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TABLE 3

Format of the Unshielded Wire Characteristics Cards, Group II

(Omit if no unshielded wires)

Card Column Format

Card #1 ---

(a) wi  (wire number) 1-2 .

TYPE=l:

(b) Ywi (height of wire above ground in meters) 11-20 E

K (c) Zwi (horizontal coordinate of wire in meters) 31-40 E

TYPE=2:

(b) R . (radial distance of wire from axis of 11-20 E

overall shield in meters)

(c) 0 (angular position of wires in degrees) 31-40, ~~wi ...

Card #2

(a) r. (radius of wire in mils) 11-20 E

(b) (number of strands) 34-35 I

(c) (radius of strands in mils) 51-60 E

(d) (conductivity of strands relative to copper) 71-80 E
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TABLE 4

Format of the Shielded Cable Characteristics Cards, Group Ill(a)

(Omit if no shielded cables)

Card Column Format

Card #1

(a) s. (shielded cable number) 1-2 I
1

(b) (shield type: l(solid), 2(braided)) 10 I

TYPE=l: 0

(c) Y . (height of shield above ground in meters) 21-30 ESi

(d) Z (horizontal coordinate of shield in meters) 41-50 E

TYPE=2:

(c) R. (radial distance of shield from axis of 21-30 E

overall shield in meters)

(d) 0 (angular position of shield in degrees) 41-50 E

Card #2

(a) r si (interior radius of shield in meters) 11-20 E

(b) Sri (relative permittivity of dielectric) 21-30 E

(c) rwi (radius of shielded wire in mils) 31-40 E

(d) (number of strands in shielded wire) 55-56 I 0o

(e) (radius of strands in shielded wire in mils) 61-70 E

(f) (conductivity of shielded wire strands 71-80 E

relative to copper)

Card #3

Solid Shields:

(a) t. (shield thickness in mils) 11-20 E -.
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TABLE 4 (Continued)
Card Column Format

Card #3 (Cont'd) 0

(b) (conductivity of shield relative to copper) 21-30 E

Braided Shields:

(a) (radius of braid wires in mils) 11-20 E 0

(b) (conductivity of braid wires relative to copper) 21-30 E "

(c) (weave angle of braid in degrees) 31-40 E

(d) (number of belts in braid) 44-45 I

(e) (number of wires per belt) 54-55 I

6b4

-

a - •
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TABLE 5

Format of Pigtail Wire Characteristics Cards for

Pigtail Wires at Left (x=O) End, Group Ill(b)

(Omit if no shielded cables)

Card Column Format

Card #1

(a) p (length of pigtail wire in meters) 11-20 E

(b) rpi (radial separation of pigtail wire 21-30 E

from axis of shielded cable in meters)

L (c) 0. (angular position of pigtail wire in 31-40 E

L degrees when looking from x=0 towards

x=t)

Card #2

(a) rwpi  (radius of pigtail wire in mils) 11-20 E O

(b) (number of strands in pigtail wire) 24-25 I

(c) (radius of strands in pigtail wire in mils) 31-40 E

(d) (conductivity of pigtail wire strands 41-50 E

relative to copper)

Note: The pigtail wires may be of zero length in which case the

other parameters must be nonzero.
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TABLE 6

Format of Pigtail Wire Characteristics Cards for

Pigtail Wires at Right (x=*) End, Group II(c)

(Omit if no shielded cables)

Same as for Group III(b)
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" " ABLE 7

Format of Terminal Characteristics Cards, Group IV

Self Terms for Unshielded Wires, Group IV(a)

(Omit if no unshielded wires)

Card Column Format

* ' Card #1

(a) SOi (current source between

real part 1-10 E
unshielded wire and

reference conductor at
imaginary part 11-20 E

x=0 in amps)

(b) Yii (admittance between
real part 21-30 E

unshielded wire and

reference conductor at
imaginary part 31-40 E

x=0 in Siemens) 4

(c) s (current source

between unshielded real part 41-50 E

wire and reference

conductor at x=tin imaginary part 51-60 E

amps)

(d) Y (admittance between

unshielded wire and real part 61-70 E

reference conductor
imaginary part 71-80 E

at x=;( in Siemens) S

67



TABLE 8

Format of Terminal Characteristics Cards, Group IV

Self Terms for Shielded Wires, Group IV(b)

(Omit if no shielded cables)

Card Column Format

Card #1

(a) ISOi (current source between
real part 1-10 E

shielded wire and

reference conductor at
imaginary part 11-20 E

x=O in am §)

(b) Yoii (admittance between
real part 21-30 E

shielded wire and

reference conductor
imaginary part 31-40 E

at x=O in Siemens)

(c) I (current source be-
real part 41-50 E

tween shielded wire

~and reference conduc-
imaginary part 51-60 E

tor at x= tf in amps)

(d) Y . (admittance between
real part 61-70 E

.4 shielded wire and

reference conductor
imaginary part 71-80 E

at x= in Siemens)

* Card #2

(a) IGNDL (grounding code for left end: 1 = short 10 1
2 = open )

(b) IGNDR (grounding code for right end: 1 = short 40
2 = open)
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TABLE 9

Format of Terminal Characteristics Cards, Group IV

Mutual Admittances Group IV(c)

Card Column Format

g Card #1

(a) Y (admittance between
Oij

Vconductor iand co- real part 21-30 E.

ductor j at x=O) imaginary part 31-40 E -

ij*real part 61-70 E

conductor i and con-
imaginary part 71-80 E

ductor j at x=)

Note: Cards must be arranged in order (w denotes unshieded wire andi

s denotes shielded wire) so as to fill the portion of the

following matrix above the main diagonal by rows:

wl w2 w3 ---------------- wU sl s2 ---------------- sS

wl

wu , t

sl .
~.

s2 - I IP

sl
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TABLE 9 (Continued)
*Thus the cards are arranged sequentially in the order of the admittance

connected between

vi . w2, w3, ---- wU, si, s2,- ------ sS

w2 - w3, w4, - ---- W, si, s2 ------- sS

w(U-l)- wU, si, s2, -- ,sS

WU ~sl, s2,------- S

si - s2, s3,------- sS

s(S-2)e' s(S-l), sS

A total of

(U+S) (U+S-l)
2

cards are in this group
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TABLE 10

Format of the Frequency and Reference Conductor Impedance

(Per-Unit-Length) Cards, Group V

Card column Format

Card #1 -

F (frequency in Hz) 1-10 E

Card #2

z (reference conductor impedance [real part 1-10 E 0

per unit length in ohms/meter) (imaginary part 11-20 E

Note: Group V may be repeated at the end of the input deck in order

for the program to analyze the structure for more than one

frequency without having to redefine the previous structure and

terminal data for each new frequency. However the previous

data Groups I, II, III, IV are assumed to apply to all these

frequencies.
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- jj
for the shielded wires. The current sources at x=O and x=/ are directed

from the reference conductor to the end of the wire. In addition, the

grounding of the shields at x=O and x=/ are defined in Card Gro, p IV(b)

(Table 8). Each shield is connected via a pigtail wire (which may be of

zero length) to the reference conductor by either a short circuit or an open

circuit.

A mutual admittance (which may be zero, i.e., absent) is connected

between the ends of all pairs of these wires. The format and ordering of

these cards in Group IV(c) is given in Table 9. The user must be careful to

adhere to the ordering of these cards as described in Table 9. The ordering

scheme is very simple. First describe the admittances connecting unshielded

wire #1 and all other wires sequentially in the order unshielded wires first

* and then the shielded wires. Next describe the admittances connecting un-

shielded wire #2 and all other wires sequentially in the order unshielded

wires first and then the shielded wires. Continue in this fashion until the

admittances connecting the last unshielded wire, wire #U, and all other wires

(in this case only the shielded wires) have been described. Then describe the

admittances connecting the first shielded wire and the remaining shielded wires,

sequentially. Then describe the admittances connecting the second shielded wire

and the remaining shielded wires, sequentially. Continue until the admittance

connecting the next to last shielded wire (S-l) and the last shielded wire (S)

is described and the process is complete. The total number of cards in this

group is

(U+s) (U+S-1)
2

[f the wires are numbered 1, 2, --- , U and the shielded wires are re-
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numbered U+l, U+2, -- ,U+S, then the ordering is

y 12

y
13

y1(IU+S)

2 (u+S)

y~

~(U-1) U

h (11) US

yU(U+S)

(+ (U+2)

(+ (U+s)
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4.6 The Frequency and Reference Conductor Impedance Cards, Group V

The final card group define s (1) the frequency for the analysis and (2)

the per-unit-length impedance of the reference conductor at this frequency.

*. This card group may be repeated at the end of the deck so that the program

will analyze the structure at more than one frequency without the need to re-

peat the previous line and termination characterization groups. The program

will process the data in Groups I, II, III and IV and compute the terminal

voltages at the frequency on the first frequency card it encounters. It will

then recompute the line response at each frequency on the remaining frequency

* " cards (and use the reference conductor impedaice on the following card). The

program assumes that the data on card groups i, II, III, IV are to be used for

all the remaining frequencies. If this is not intended by the user, in

particular if the terminal characterizations are frequency dependent, then one

may only run the program for one frequency. This feature, however, can be b

quite useful. If the termination networks are purely resistive, i.e., fre-

quency independent over the frequency range of interest, then one may use as

many repetitions of this group as desired and the program will compute the

." terminal responses at each frequency without the necessity for the user to

input the data in Groups I, II, III, IV for each frequency.

4.7 Range of the Values of the Input Data

The only restrictions on the values of the input data are that only

certain input parameters can be input as zero values. These are: .I

(1) NU (the number of unshielded wires) '

or

NS (the number of shielded wires)

(Note: if NU=O or NS=O certain arrays must be dimensioned of
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*

size 1 not size 0. See cards SHLD0085 and SHLD0097.)

(2) Y or Z. and 0. in Table 3. (Note: No two wirp locations -0

may be the same, i.e., (Ywi,Zwi) and Ywj,Zw*) or (R i,0wi) and
wi, wi WJ WJ Wi wi

(R wj' Owj*).

(3) Y or Z. and 0. in Table 4. (Note: No two shield locations 0

may be the same. i.e., (Y si,Z si and (Y sjZ sj) or (R si, si) and

(Rsj '0 sj))

(4) 'pi (The pigtail lengths for left or right or both pigtails.

See Table 5 and Table 6).

(5) 0pi (The angular positions of the pigtail wires. See Tables 5

and Table 6.) -

(6) Any of the terminal current source or admittance values. (see

Table 7, Table 8 and Table 9.)

(7) z0  (The reference conductor impedance at a frequency. 0

See Table 10.)

All of the other data entries should be nonzero (and represent realistic

values).
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V. Program Checkout

K In order to check the proper functioning of the program, several examples

. were run. Examples consisting of 2 unshielded wires and no shiti-ded wires

were run for TYPE I and TYPE 2 structures. The outputs of SHIELD were com-

* pared to those of program XTALK2 described in [27] and were found to be

identical as they should be since XTALK2 performs the same calculations for

unshielded wires as does SHIELD. SHIELD was also run for 2 shielded wires

each having 8cm pigtail sections on both ends and separated by 1.5cm and 15cm

* above ground. These data were measured experimentally and reported in [1].

*In addition a computer program was written for [1' in a "brute force" manner

to show predictions of these experimental data. Those predictions are

reported in [1]. SHIELD was run for this configuration and the predictions

compared favorably with the experimental data in [1] and compared almost

exactly with predictions given in [1] by the "brute force" program. b

As an integrated test, we performed an experiment to illustrate the pre-

diction accuracies of SHIELD. The experimental configuration is shown in

* Fig. 5-1. Photographs of the experimental setup are given in Fig. 5-2. The

unshielded wires are #22 gauge stranded (radius = 15 mils) with 7 strands of

#30 gauge wire (radius = 5 mils). The insulation is pvc (neglected by the

program). The shielded cables are identical to those used in [1]. They are

braided with inner shield radius of 35 mils = 8.89E-4 m and an inner, shielded

wire which is #22 gauge (radius = 15 mils) composed of 7 strands of #30

gauge wire (radius = 5 mils). The inner dielectric is teflon with cr = 2.1.

The braid wires have radii of 2.5 mils, and the braid consists of 16 belts

with 4 wires per belt and a weave angle of 30 degrees. The pigtail wires are

#20 gauge (radius = 16 mils) solid bare copper wires. A listing of the input
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Figure 5-2. Photographs of the experimental setup.
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Figure 5-2 (Cont'd) .. hLograpis of the experimental setup.
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data is given in Fig. 5-3. A sample printout of some of the results for

lOkHz -- 900kHz is given in Fig. 5-4.

The unshielded wires, shielded cables and shielded wires are numbered in

Fig. 5-1 as ul, u2, sl, s2, s3, wl, w2, w3. In the experiment, an oscillator

was attached to the right end of the second unshielded wire (u2), and the -O

voltage of the oscillator was increased until the input voltage to that line

was 1 volt. Then the voltages coupled to the other ends of the other wires

ul, wl, w2, w3 were measured resulting in voltage transfer ratios. A zero

source impedance source is not allowed in the SHIELD input data. Thus to

simulate this situation, the source at the right end of the second unshielded

wire is 50V with source resistance of 50Q or, equivalently, a 1A source in

parallel with a resistance of 50 (2.OE-2 Siemens admittance). (See the list-

ing in Fig. 5-3.) Once SHIELD was run for this configuration, the voltage

transfer ratios corresponding to the experimental data are obtained by

dividing the voltages at the ends of each line by the voltage at the right end

of the second unshielded wire. '

The voltage transfer ratios (magnitude and angle) predicted by SHIELD and

experimentally measured at the right end (x =f ) of each line are shown in

Fig. 5-5 through Fig. 5-8. Fig. 5-5(a) and Fig. 5-5(b) show the magnitude and

angle, respectively, of the measured voltage at the right end of the first O

unshielded wire, Vul, versus the predicted voltage transfer ratio of SHIELD:

V w(f)Vwl ()-
V w2(;t)•

The predictions are quite good and well within idB below 10 MHz. Above 10 MHz

the line is becoming electrically long, and, consequently, rapid variations

in both the magnitude and the phase of the voltage transfer ratio are observed. S
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Nevertheless, the program predicts these results rather well.

A similar comparison of the voltage transfer ratio to the right end of

. the first shielded wire, V sl and the predictions of SHIELD,
~v 1 ( )

Vw2  )

are shown in Fig. 5-6. Note that above 1 MHz, the coupling which had become

"flat" for lower frequencies tends to rise. This is a result of the coupling

via the two 3cm pigtail sections dominating the coupling to the (much longer)

shielded section as is explained in [1,2]. SHIELD predicts these results

rather well. "0

The comparison of the voltage transfer ratio to the right end of the

second shielded wire, Vs2 , and the predictions of SHIELD,

V w2(t

are shown in Fig. 5-7. Here the left pigtail (3cm) is grounded but the right

pigtail (zero length) is open. The predictions of SHIELD are again quite

accurate. The comparison of the voltage transfer ratio to the right end of

the third shielded wire, V 3 , and the predictions of SHIELD,

)0

V 2

are shown in Fig. 5-8 and are quite good. For this shield, the left pigtail

(8cm) is ungrounded (open) and the right pigtail (8cm) is grounded (short).

Note that even though the left pigtail wire is ungrounded, the program

assumes the pigtail wire is present. 0

Note that for the unshielded wire in Fig. 5-5(a), there is a slight

105



change in the response from a 20dB/decade (linear with frequency) response

between 3 kHz and 10 kHz. Prior to this experiment the author has observed S

-the coupling to similar unshielded wires to decrease uniformly at 20 dB/decade

at the lower frequencies where the line is electrically very short. This

observed behavior is, as yet, unexplainable in simple terms but SHIELD..

predicts this result very accurately.

This experiment tends to confirm that the SHIELD program (1) is working

as intended and has no major programming errors, and (2) provides realistic

predictions of crosstalk for shielded cables. The user is cautioned, however,

that if the cross-sectional dimensions (wire spacing and height above ground)

are not (1) known and/or (2) controlled such as occur in many types of wiring

harnesses (which we refer to as random bundles) then the SHIELD program

cannot be expected to provide adequate predictions [28]. However, in con-

trolled characteristic cables such as the flatpack type, accurate predictions

are achievable. Controlled characteristic flatpack type cables are presently

being marketed which contain shielded cables, twisted pairs, etc. For these

types of cables, the SHIELD program can be expected to provide accurate

predictions.
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S VI. Summary

This report contains the description and verification of a digital 0

computer program, SHIELD, to be used in the prediction of crosstalk in trans-

- mission lines consisting of U unshielded wires and/or S shielded cables. The

line may be above a ground plane (TYPE 1) or within an overall, circular,i" cylindrical shield (TYPE 2). Each shielded cable consists of a circular,

cylindrical shield which may be solid or braided and a wire (the shielded

wire) located concentrically on the axis of the shield. All wires may be 0

stranded and all conductors are treated as imperfect conductors; that is,

their per-unit-length impedances are nonzero. Through-braid coupling for

braided shields as well as diffusion for both types are included in

, the model. The shielded cables may have exposed sections at either end

(pigtail sections) in which the shielded wire is not covered by the shield.

Over these pigtail sections, a pigtail wire, parallel to the shielded wire,

connects the shield to the reference conductor at that end via either a

short circuit or an open circuit. These pigtail sections are included in

the representation to simulate the common practice of terminating a shielded

cable in a connector via these pigtail wires.

The multiconductor transmission line equations are solved for sinusoidal,

steady-state excitation of the line. The terminal networks at the two ends

of the line are modeled by a generalized Norton equivalent representation in

which a current source and an admittance are connected between the reference

conductor and the ends of the U unshielded wires and S shielded wires. An

admittance is connected between the ends of each pair of these U+S wires. Any

of these admittances may be absent, i.e., set equal to zero.

The program is rather expensive to run. For example when implemented on
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- an IBM 370/165 digital computer using the WATFIV compiler, the program

required 3.82 sec. compilation time and 84.35 sec. execution time to compute 0

the response at 11 frequencies for the example in Section V con:;isting of 2

unshielded wires and 3 braided-shield cables. This represents an approximate

per-frequency computation time of 8 sec. The required storage for this

problem was 115192 bytes for the object deck and 32400 bytes for the arrays.

One reason for this rather lengthy run time is a result of the decision

to include the capability for modeling pigtails. The program divides the

overall line into cross-sectionally uniform sections. Then the chain para-

meter matrices for each of these uniform sections of line are determined and

the overall chain parameter matrix of the line is determined as the product

(in the appropriate order) of these chain parameter matrices of the individual,

uniform sections. For a line consisting of U unshielded wires and S shielded

cables, each chain parameter matrix is 2(U+2S) x 2(U+2S). For the example in

*section V consisting of 2 unshielded wires and 3 shielded cables, each chain

parameter matrix was 16 x 16. Thus for a line consisting of N sections we

must, at the least, multiply N such matrices together. Once the overall chain

* parameter matrix of the entire line is determined in this fashion we must in-

corporate the terminal conditions which requires several matrix multiplications

and the solution of 2(U+S) simultaneous, complex equations. This process must I-

be repeated for each frequency.

Not only must these chain parameter matrices for each section be multi-

plied together but they must be computed. In determining these chain parameter

matrices of each section we must compute the eigenvalues and eigenvectors of

a (U+2S) complex matrix. This is a result of the need to consider all con-

ductors as being imperfect. If we had assumed all conductors as being
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perfect conductors, the eigenvectors and eigenvalues would not need to be

computed. But if the finite conductivity of the shields are not considered,

* i.e., the shields are considered as perfect conductors, no coupling would

occur to the interior shielded wires for solid shields - clearly an unrealistic

result. For braided shields, only through-braid coupling would occur but this

is almost insignificant for many typical cables. In other situations one can

assume perfect conductors. For shielded cables, one cannot if one wishes to

obtain predictions approaching any degree of realism. Once the decision to

* include shield conductivity is made we may as well include the finite con-

*' ductivity of all other conductors - very little additional processing is

required.

Consequently, even though the program consumes quite a bit of computation

time the processing time probably cannot be reduced substantially and still

have the program handle all the intended functions and structures that it now

handles.

The program (the single precision version) should be easily implementable

on other machines since it is written in standard Fortran IV language. For

lines with known and controlled, uniform cross sections, the program provides

accurate predictions. For nonuniform or random type cable bundles such as

many typical wire harnesses where the relative wire positions are unknown and

uncontrolled along the cable length, one cannot necessarily expect the program

to provide accurate predictions.

1
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APPENDIX A

SHIELD Program Listing
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C FrGbAl ZSIELC S.ILD0D00
C (F0TAN TV, DC,11.L?' PPCI~llrN) S.'iLDCOO'J
C WpIIT7N BY 31ILD000
C ZLAYTCN P. PAUL S111.00 06
C DEPAhTAENT OF ELECTRICAL F N;I N FRI f; SHLDOOO7
C UNIVERSITY OF KrNVLJCKY SHLDOOOS
C LEXI NGTON, KE~NTUCKY 40506 SH!LD0009

C A DIGITAL COMPUTER PROGPAM 'TO C~t'FIYIE VIE TtFRM'1TAl VCLrAGESiO ~ SHLD0011
C A MLITICCNDUCTCR TRANSIISSICN LINE WHICH riAY C043i151 OFSHDO1
C TJSHTFLDED WIRES AND SHIELJED WIRES. THESHEDDWr SL01
C MAY HAVE PIGTAIL SECTIONS AND THE PIG'IAIL SFC7TICl L;NGTHIS SH L DO0014

C NEED NOT J3E THF SAIE. SHLD0015
*C SHLD0016

C THE LISTRIBUTFD PARAMEIER MULTICCNDUC'ICR TBANSdiISSIC! L INE SIILDOO17
C EQUATIONS ARE SOLVED FCR STEADY-STATE, SINUSOIDAL EXCITATION ShLDOO19
C OF THE LINE. S L DO 019
C SHLD0020

*C THE LINE CONSISTS CF RU UNSHIELDEP WIRES AND NS SHIELDED WIRES. SHiLD0021
*C TEE WIRES MAY EF ABOVE A GRCUND PLANE OR WITHIN AN OVERALL, SfiLDO022
*C CIRCULAR, CYLINDRICAL SHIELD. THE IMEEDANCES CF ALL CCIDUCTORS SHLD0023

C ARE INCCRPORATED INTC THE MODEL. THE SHIELDED WIRE~S 'AY hAVE SHILD0024
C SOLID OR BRAIDED SHIELDS. THROUGH BRAID COUPLING FOR bRAIDFD SHLD0125
C SHIELDS IS INCORPORATEr INTO THE MODEL. SHLD0026

*C SHiLD 0027
C FUNCTION SUBPROGRAMS USED (AND SUPPLIED): SHLD0026
C LS1,LN11,LS2,L22,S JB,Llih,ZWW,ZDE,ZSB,ZDS,ZSS S11LD0029
C ShLD0030
C SUBROUTINES USED (AND SUIPPLIED) : S [xL DC031
C I1ULTC,SCAP,INDUCT,PHI,ADMADD,IMPADD SHLD0332
C SHLDOD333
C SUBROUTINES FROM1 THE IMSL PACKAGE USED: SH1LD0034
C LE)TIC,EIGCC SULD0035
C SHiLDO036

IMPLICIT REAL*8 (A-11,O-Z) SIILD0038
REAI*8 L,Nt,.NU2PINUO4PI,LN'AXR,LMINP,LNAXL,L-IINL,LS,L%51,LS2, SHLD0L)39
1LM2,LTRAN,LTB,LTR,LTL,LSHLD,IOR,10I,ILR,ILI SHLD0040
CCnPLEX*16 ZG,JOM1EGA,ONEC,ZEROC,SUMC,SUMC1,SUNIC2,XJZWW, SIILD00t41
1ZSS,ZDS,ZsE,ZDM,ZSELF, ZDIF,VWL,VWR,VSUL,VSWB SHLD0042

C*****4** * *** **** 4**4 *** *******4 ***********4****CSHLD003'a
C C SHLD0044
C C SziLD0045
C THE FOLLOWING MATRICES AND VECTORS SHOULD HAVE THE C SHLD0046
C INDICATED DI4ENSIJNS WHERE C SHLD0047
C NU=NUNIEER OF UNSHIELDED WIRES C SIILD00L48
C NS=NU4BER OF SHIELDED WIRES C SHLD0049
C NUPS=NU4NS C SHLD0050
C NT=NU*NS+NS=Tf)TAL NUMBER OF CONDUCTORS C SULDOO51
C TNT=2*NT C SALD0052
C IIIUPS=2*(NU*NS) C SHLD0053
C C SHLD0054
C C SHLDCO5

C*******************44*******4************444*****CSHLD0356
INTEGER TNT,TNUPS SHLD0057

C*****4***************4**********4*******444****4*CSiILDOO5E
C C SHLD0059
C IND(NT,NT),S(NT,NT),WK(2*NT(NT+1)) C SHLD0060
C C SUILD0061
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SHLD0062
REAL*8 IND( 8, 8),SS( 8, 8),WK( 14L4) SHLD0063

v*****..*..*.**..*.*.***.*.*.****.**s**.*s*.* *****CSHLD0064
C C SHLD0065
C C SHLD0066

C Z(N1,NT),PHIRITNT,TNT),WA(NT),TZ(NT,NT).T(NT,NT),GAMI(NT). C SHLD0067

C PHII(TNT,TNT),C(NT,NT),D(NT,NT),EP(NT), C SHLD0069
C EN(12) ,PHIL(TNT,TNT) ,TPHI(TNT,TNT) ,IO(NUPS) ,IL(NUPS) , C SHLD0070
C YO(NUPSNUPS) ,YL(NUPS,NaPS) C SHLD0071
C C SHLD0072

*c C SHLD0073
SHLD0fl74

COMPLEX*16 Z( 8, 8),PHIR(16,16),IA4 e),YZI 8, 8), SHLD0075
I T( 8, 8),GAM( 8),A( 8, 8),TI( 8, 8),Y( 8, 8),YINV( 8, 8), SHLD0076
2B ( 8, 8) PHIT(16,16) C ( 8, 8) D ( e, 8) EP( 8) , SHLD0077
3EN( 8),PHItI6,I6),TPHI(16,I6),IO( 5),IL( 5), SHLD0078
16Y0( 5, 5),YL( 5, 5) SHLD0079

c****************~******S****************4*******CSIILD0080
*C C SHLD0081

C C SHLD0082
*C THE FOLLOVING ARE OF DIMENSION so C SHLD0083

C C SHLD0084a
-. C NOTE: IF NU=O, SET ALL DIMENSIONS-1 C SHLD0085

C C SHLD0086
*C C SHLD0087

SHLD 0088
* -INTEGER V(2),NVST(2) SHLD0089

REAt*8 YV(2),ZV(2),RV(2),RVST(2),SIGUST(2) SHLD0090
* CO!IPLE1*16 ZVHVf 2) SHLD0091

SHLD0092
C C SHLD0093

*C C SHLDO094
C THE FOLLOVING ARE 0F DIMENSION NS C SHLD0095
C C SHILD0096

*C NOTE: IF NS=O, S~r ALL DIMENSIONS=I C SHLD0097
C C SHLD0098
C C SHLD0099

c...*......**.*s.**.*....*s**....*s** .**.*.*..*..cSHLDO1 00
INTEGER S( 3),STYPE( 3),NNH( 3),BELI( 3),NPB( 3),NPI( 3), SOLD0101

1NPR( 3),IGNDL( 3),IGNDS( 3),R!Y( 3) SHLD0 102
H!AL*8 YS( 3)45S( 3),RS( 3),ERS( 3),BVH( 3),RVHST( 3),SIGWHS( 3), SHLD0103

ITS( 3) *SIGS( 3),RB( 3) ,SIGB( 3) ,THD( 3) ,LPL( 3) ,RPL( 3) ,THPL( 3), SHLD0104
21P11( 3),SIGPVL( 3),RPVSTL( 3),LPI( 3),RPR( 3),THPR( 3),RPVR( 3), SHLDO105
3RPVSTu( 3),SIGPVR( 3),LPT( 3).LTV( 3),STV( 3), SHLD0106
UIYPL( 3),ZPL( 3),YPR( 3),ZPR( 3) SHLD0107
C0llPLEX*I6 ZSV( 3),ZDVc 3),ZVPLV( 3) ,ZVPRV( 3),ZwIIHV( 3) SHLD0108

C SHLD01 09
*C SHLDO1 10
*C END DIMENSION STATEMENIS SHLD01 11

C SHLD01 12
C SHLD01 13

* COMMON /RCON/ ZERO,ONE,'IUC,THBEE,F0UR,rJ,MUO2PI,MUI4PI, .. SHLOI11
1P1,BADEG,ERTE,SIGCOP,R,F,V2 SHLD01 15

* COMMON /CCON/ ZEROC,ONEC,XJ,JONEGA SHLDO1 16
ZERO0. DO SHLD01 17
OWE=1.D0 SULD0l 18
T10=2. DO SHLD01 19
THREE=3. DO SHLD0120
FOUB=4. DO SHLD0121

* CHT42.94~D-5 SHLD0122
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MUO 2PI= 2. D-7 SHLDO123
,UO4FI11. -7 SHLD0124

* ONE80=180.DO SHLD0125
V=2.997925D8 SHLDO 126
SrGCOP=5.8D7 SHLD0127
ONEC=DCHPLX (ONEZERO) SHLD0128
ZERCC=DCMPLX(ZERO,ZERO) SHLDO129
XJ=DCMPLX (ZEROONE) SHLDO130
P1= FOIIR*DATAN (ONE) SHLD0131
RADEG=ONE80/PI SHLD0132
.MU=LUO2PI*TWO*PI SIILDO133
V 2=V*V SHLD0134
ERTE=ONF/(MU*V2) SHLDO 135

C SHLD0136
* C SHLD0137

C REAE INPUT DATA SHLD0138 "O

C SHLD0139
C C SHLD0140

REAR(5,I) NTYPE,L,NU,NS SHLD0 141
1 FCR"AT(I1/E10.3/12/I2) SHLDO142

* WRITE(6,2) SIILD0143
2 FORIAT(I1) SHLD0144

IF(NTYPE.EQ.1) GO TO 3 SHLD0145
I(NTYPE.EQ.2) GO TO 3 SHLD0146
GO TO 220 SHLD0147

3 CCNIINUE SHLD014$
IF(NU.EQ.O.AND.NS.EQ.O) GO TO 220 SHLD0149
NT = N I NSGNS SHLDO150
.NUPS=NU+NS SHLD0151
TNUPS=NUPS*N UPS SHLD0152
TNT=NT+NT SHLDO153 -
NNU=ND SHLDO154
IF(NU.EQ.O) NNU=1 SHLD0155
NNS=NS SHLD0156
IF(NS.EQ.O) NNS=I SHLD0157
WBITE(6,4) NUNSL SHLD0158

4 FORMAT(50X,IPROGRAI SIIELD'/////471,12, SHLD0159
1 UNSHIELDED VIRES',//48X,12, SHLDOI6O
2' SHIELDED WIRES'// SIILDO161
3'421,LI4E LENGTH (METERS)- I,1PE1l.3///) SILDO162
IF(NTPFE. EQ. 1) GO TO 7 SITLD0163
READ 15,5) R SHLD0164

5 FCRMAT(1OX,EIO.3) S[ILDO 165
WRITE(6,6) R SHLD0166

6 FCRMAT(1OX,'REFFRENCE CONDUCTOR IS AN OVERALLCIRCULAR,CYLINDRICALSHLD0167
I SHIELD WITH INTERIOR RADIUS = 1,1PE10.3,' (METERS)'///) SHLD0168 0
GO TO 9 SHLD0169

7 CONTINUE SHLD017C
WRITE(6,8) SHLD0171

8 FORNAT(4OIREFERENCE CONDUCTOR IS A GROUND PLANE'///) SHLD0172
9 CONTINUE SULD0173

IF(NU.EQ.O) GO TO 18 SdLD0174
WRITE(6,10) SHLD0175

10 FOR.AT(/////45X,ODATA FOR TIIE UNSHIELDED VIRES'////) SHLD0176RIT E(6, 11) SHLDO 17 7

11 FORNAT(1XtYW= WIRE HEIGHT ABOVE GROUND (METERS) OR RADIAL DISTANCSHLD0178
1 FRCM CENTER OF SHIELD (METERS)'/ SHLD017s
21X,'ZW= HORIZONTAL COORDINATE (METERS) OR ANGULAR PCSITION (DLGREESHLDOI8O
3S)'/IX,IRW= WIRE RADIUS (MILS)'/ SIILD0181
I41X,'NWST- NUMBER OF WIRE STRANDS'/ SHLD0182
51X,'RWST= RADIUS OF WvrE STRANDS (NILS)'/ SHLD0183

117
0,



61X,.SIGVST= CONDUCTIVITY Of WIRE STRANDS (RELATIVE TC COPPER)'/// SHLD0184
7) SIILD0185
VRITE(6, 12) SHLDO18b

12 FORMAT(1I,'WIRE'.6X,'YV',16-X,'ZH',16X,RV,12X,NWS,9X,HRWSI, SliLDO197
116X,ISIGVSTI/) SHLD0188
DO 17 1=l,N11 SHiL DO189
READ(5,13) U(I),YW(I),ZV(I) SHLD0190

13 FCRHAT(12,8X,El0.3,10X,El0.3) SHLDC191
REAE(5,14) 311(1) NWST(I) ,RUST(I) ,SIGUST(I) SHLD0192

14 FORMAT(IOX,E10.3,13X,12,15X,E1O.3, 10X,EIO.3) SHLDO193
VRITE(6,15) U(I),YW(I).ZH(I),RV(I)NST(I)RWdST(),IGIST(I) SHLDC194

15 FORNAT(2X,12,31. 1PEIO.3,8X,IPE10.3.81,1PE1O.3,9X,I2, SHLD0195
151, 1PE1O.3,11X, 1PE1O.3) SHLD0196
RV (1) =RM (I) *CMT4 SHLD01 97
RWST CT)=RVST (I) *CMTH SHLD0198
IF INTYPE.EQ.1) GO TO 16 SHLD0199
ZI (I)=ZW (I)/RADEG SHLD0200

16 CONTINUE SHLD020 1
17 CONTINUE SHLD0202
18 CCNTINtJE SHLD0203

IE(NS.EQ.O) GO TO 58 SHLD0204
URIIE(6,19) SHLD0205

19 FORMAT(/////45X,IDATA FOR THE SHIELDED WIRES@////) SHLD0206
VRITE(6,20) SHLD0207

20 FORNAT(lXOYS= SHIELD HEIGHT ABOVE GROUND (METERS) OR RADIAL DISTASIILD0208
INCE FROM CENTER OF SHIELD (METERS)'/ SHLD0209
21XOZS= HORIZONTAL COORDINATE (METERS) OR ANGULAR PCSITICS (DEGREESIILDO21O
3S)'/XIRS= INTERIOR SHIELD RADIUS (METEBS)O/ SHLD0211
411,*ERS= RELATIVE PERMITTIVITY OF INTERIOR DIELECTRICt/ SIILD0212
S11.ORV= SHIELDED WIRE RADIUS (HILS) *, SHLD02 13

* 611,INWST= NUM BER OF SHIELDED WIRE STRANDS'/ SIILD0214
71X,IRWST= RADIUS OF SHIELDED WIRE STRANDS (MILS) 0/ SiILDO215
81X,'SIGVST=- CONDUCTIVITY OF SHIELDED WIRE STHANDS (RELAXIVE TC COPSHLD0216
9PER) '///) SHLD0217
V RITE(6,21) SIILD.0218

21 FORMIAT(2X,ISHIELD',8X,'YS*,13X,'zs',13X,'RS' *13X,#ERS',12X,'RW', SHLD0219
IIOX,ONWST',9X,'RWST',11X,*SIGWST@,//) SHLD0220
NTHER=O SHLD0221
NST VP= 0 SHLD0222
DO 32 I=1,NS SHLD0223
R FA C(5, 22) S (I) ,STYPE (1) ,YS(I) , ZS(I) S HLD0224

22 FCRPAT(12,7X.I1,1OX,E1O.3,1OX,EIO.3) SHLD0225
IF(STYPE (I) *EQ. 1) GO TC 23 SHLDO226
IF(STYPE(I).EQ.2) GO TO 23 SHLD0227
NSTYP=1 SHLD0228

23 CONTINUE SHLD0229
* ~READ (5.24) Rs(I) .ERS (I),RVH (I),NVH (I),RWHSI (I), SIGWHS (I) SHLD0230

24 FORAT(OX,3(EO.3),1OI4,12,4X,2(E1O.3)) SHLD0231
IXYFE=ST!PE(I) SHLD0232
GO TO (25,27),* ITYPE SHLD0233

25 CONTINUE SH1LD0234
READ(5,26) TS(I),SIGS(I) SHLD0235

26 FORMAT(1OX,2(E1O.3)) SHLD0236
*GC TO 29 SHLD0237

27 CONTINUE Sd LD 023 8
READ(5,28) RB(I) ,SIGB(I) ,THB(I) ,BELT (I),WPB(I) SIILD0239

28 FCWHAT(1OX,3(E1O.3) .3X,12,81,12) SHLD0240
IF(THB(I).LT.ZERO.OR.THE(I).GT.45.DO) NTHER=1 SHLD0241

29 CONTINUE SHLD0242
READ(5,30) LELCI) ,RPL(1) ,THPL(I) .PPWI(I) ,NPL(I) ,RPWSTL(I) , SHLD0243
iSIGPUL (I) SHLD0244

118



30 FORMAT (IOX,3(ElO.3)/10X,EIO.3,3XI2,5X,2(ElO.3)) SHLD0245
RPAr(5,31) LPR(I) ,RPR(I) ,THPR(I) .BFWE(x) NPR(I) ,RPIESTS(I) , SHLD0246
1SIGPWR (I) SHLD0247

31 FORMAT(IOX,3(EIO.3)/1OX.EIO.3,31,12,5X,2(E1O.3)) SHLD0248
32 CONTINUE SHLD0249

*IF(NTHER.EQ.1) GO TO 220 SHLD0250
IF(NSTYP.EQ.l) GO TO 220 SHLD0251
DO 35 I=1,NS SH1LD0252
URI TE J6,33) S(I) ,YS (I),ZS(1) ,RS () , ES () , RWH(I) , NWH(1) , RWSHLD0253

* iNST II) ,SIGWHS (I) SkHLD0254
*33 FORMAT(3X,I2,7X*,1PEIO.3,5X,lPE1O.J,5X,1PE10.J,5X,1PEJO.3, SHLD0255

151, 1PE10.3,7X,12,7X,1PEIO.3,5X, 1PE1O.3) SHiLDO2 56
RIH 11) =PWH (I) *CMiT,3 SHLD0257
RWHST(I) =RWHST(I) *CMITM SHLD0258
IF (NTYPE.EQ.1) GO TO 34 SHiLD0259 *
ZS (I)=ZS (I)/RADEG SHLD0260

34 CONTINUE SHLD0261
35 CONTINUE SHLD0262

VRIT! (6,36) SHILD0263
36 FORMAT(/////35X,'SHIEL2 CHAR&CTEBIETICS,'/) SIILD0264

VRITE(6,37) SHLD0265
*37 FORMAT (lXITS SOLID SIFIELD THICKNESS (MILS) 0/ SHLD0266

IIX,ISIGS= SOLID SHIELD CONDUCTIVITY (RELATIVE TO COFPFR) '/ SHLDO2*67
*211,IBB= RADIUS CE BRAIC WIRES (MILS)I/ SHLD0268

.11X, SIGB= BRAID WIRE CONDUCTIVITY (RELATIVE TC COPPER)'0/ S11LD0269
41X,OTHB= I3RAIC WEAVE ANGLE (DEGREES)'/ SIILD0270

*51X,IBELTS= NUMBER OF BELTS IN BRAID$/ SHLD0271
61X,IVPB= NUMBER OF WIRIS PER BELT'///) SHLD0272
WRIT? (6, 38) SHLD0273

38 FCRMAT(2X,'SHIELDI,4X,'TYPEI,8X,'TS' ,13X,'SIGS',14X,'flDI,16X, SHLD0274
1'SIGE',11XITHB',JOX,'BELTS0*1OI, 'WPB'//) SHLD0275
DC 43 I=1,NS SHLD0276
IF(STYPE(I).EQ.2) GO TC 40 SHLD0277
WRTTF(6, 39) s (I) , rs(I) ,SIGS (I) SH1LD0278

39 FORMAT(3X,I2,EI,*SOLID'.4X,IPEIO.3,52,1PEIO.3) SHLD027J
TS(I)=TS (I) *CNT! SHLD6280
RS (1) =RS (I) + TS (I) SHLD0281
GC TO 42 SHLD0282

40 CCNTINUE S11LD0283 -

WRITE(6,41) S (I),RB(I) ,SIGB (I) ,THB(I) ,BELT(I) ,WPB(I) SHLD0284
'41 FORMAT(3XI2,5,'BRAID!D'.35X,IPEIO.3,BX, 1PEIO.3,5X,IPEIO.3,9X, SHLD0285

112,12X,I2) SHILD0286
RB (1) =RB (1) *CMTM SHiLD0287
TS (I)=T10*RB (I) SH1LD0288
as(r) =RS (I) *TS (I) SHLD0289
THB (I) =TH! (I) /RADEG SHLDC290

42 CONTINUE s i L 0291
43 CONTINUE S HL D0U292

WRITE (6,44) 511LD0293
%$4 FOBRAT(////,39X,ODArA FOR THE PIGTAILS$//) SHLD0294

WRITE (6,45) SH1LD0295
45 FORNlAT(42X,#LEVT PIGTAILS$//) SHLD029b

WRITI(6,46) SHLD02970
46 FORMAT(1X,'LPL- LENGTH OF LEFT PIGTAIL (METERS) '/ SHLD0298

1IX,'BPL= RADIAL SEPARATION OF PIGTAIL WIRF FRCM SHIELDED WIRE (AETSfHLD0299
2315) 0/ SHLD0 300
311,*THPL- ANGULAR POSITION OF PIGTAIL WIRE (LDEGREES)'/ SHLD0301
41X,'IPWL= RACIUS OF PIGTAIL WIRE (MILS)l/ SHLD0302
5lX,fNPl.= NUMBER OF STRANDS IN PIGTAIL WIRE/I SHLD0303
611,OBPISTL= RADIUS OF PIGTAIL WIRE STRANDS (MILS)I/ SHLD030'4
71X,'SIGPWL= CONDUCTIVITY OF PIGTAIL WIRE STRANDS (RELATIVE TO COPPSHLDOJO5
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BER) ,/m SEILDC306
iRITE (6,41) SHLD01O7

47 FCRPAT(1X,'SHIELD',9X,@LPLI,14.'DPBL',12X,'THPLI,10X,'RPWL,9, SIILD0308
1ONPL',9X,'RPWSTL',12X,OSIGPML'//) SHLD0 309
DC 49 I=1,NS SHLD0310
WRI'IE(6,48) S(I),LPL(I),RPL(I),THEL(I),RPWL(I),NiPL(l), RPS[HLDO311

IVSTI (I),SIGPWdLII) SHLD0312
~48 FORNAT(3X,2,7X, lk'E1O. 3,7X, 1PE1O.3,5X,lPE1O.3,I$X,1PE1O.3,7X, SHLD0313

112,7X,IPE1O.3,BX,IPE1O.3) SHLD0 1 4
R PVL (I)R P WL (I) * C I TM S 11L D 0.1'.3
RPUSTL(I) =RPWSTL(I) *CIM .3 ItL D 0 116
THPL(I)=TdPL(I)/BADEG SlILD031 7

*49 CONTINUE SlILDOJ1 8
WRITE(6,5O) SHILD0 A19

50 FCRPAT(////,42X,IRIGliT PIGTAILS'//) SIILD0 320
V 0I E( 6, 51) SiiL D 03 2 1

51 FCR!MAT(I,ILPR= IENGTH CF RIGHT PIGTAIL (AFTERS)I/ SlULnDJ22
11X,IBPR= RADIAL SEPARATION OF PIGTAIL WIRE FRO9 SHIELDED WIRE (METSHLDO323
2ERS) */ SHLD0 324
31X.ITHPR= ANGULAR POSITICH OF PIGTAIL WIRE (DE7.HEES)'! SHLD0325
41X,IBPWR= RADIUS OF PIGTAIL WrRE (BILS)I */ 5LU0326
511,INPR= NUMBIER OF STRANDS IN PIGTAIL VIRE/ SIILD0327
61X,OFPVSTR= RADIUS OF PIGTAIL WIDE STRANDS (MILS)'/ STILDOa26
71X,'SIGPWP= CONDUCTIVITY OF PIGTAIL VIRE STRANDS 1ELATIVE TO COPPESHLDO32I
SR)'//) SHLDC330
WRIIE(6,52) SHLD0331

52 FCRNIAT(lX,'SHIELD',9X,'LPR',14X,'RPB',12X,ITHPRI,IOX, SHLD0332
1'RPWR* ,9X,'NPB',9X,'RPWSTRI,12X,'SIGPWR'//) S:1LD0333

DC 54 I=1,NS Sti LDO 334
WRIIE(6,53) S(I),LPR(I),RPR(),THB(I),RPWR(I),NPf(I), R2S3ILD0335b

IVWSTR (I) , SrGPVR (T) SHLD03J6
-)I FCR14AT(31,12,7X, IPEIO. 3,7X, iPE1O. 3,5X,1PE1O.3,4X, 1PE1O.3, SHLD0337

171,12,71,1PEIO.3,8X. IPE10.3) Sd LD0D338
RPV R (1)=RPWR (I) *CMTI SHiL D03 39
RPWSIR (I) =RPWST14(I) *CMT~l SHLD0340
THPP (I) =TiPR (I) /RADEG SliL:)34 1

54 CONTINUE SIILDCJ'42
DC 57 I=1,NS SIILD0343
IF(NTYFE.EQ.2) GO TO 55 SliLDO 344
YPL (1) =YS (I) *RPL (I) *DSIN (THPL (I)) SHLDC345
ZPL (I) =ZS (1) *RBPL (1) *DCOS 4THPL (I) SHLDO0346
YPR 11) =YS (I) + RPR (L) * DSIN (THPR (1)) 511LD 0347
ZPR (1) =ZS (I) *RPR (1) *DCOS (THPR (1) SHLDC34d
GO TO 56 JIILDO 149

55 CONTINUJE Sn LD 0350
*YPL(I)=DSQRT(YS(I)**2+HPL(I)**2-TNO*YS(r)*RPL(I)*DCCS(TkIPL(l))) SHLD0351

ZPL(I) =ZS(I) +DATAN2( ERPL (I) *DSIN (THEL (I))), (YS(I) + SHLDO3r2
1RPL (I) *DCOS (THPL (I)))) SHLD0353
TPR(I)=DSiVRT(YS(I)**2+tPR(I)**2-TC*1S(I)*RPkt(I)*DCCS(THPR(l))) SHLDO354
ZPR (I) =ZS (I) *DATAN2 ( RER (I) +DSIN (IHER I))) *(YS(I) . SJILDO3%'

IRPR (1) ODCOS (THPR (I1) S]ILD035b
56 CONTINUF SHLDC357

457 CCNTINUE SHLD035E
58 CCNIINUE SHLD03539

VRITE(6,59) SHiL DC360
59 FORMAT(////,33X,ITERMINAL SCURCE AND IMPELANCE DATA////) SHLD0361

WRITE (6,60) SHLD0362
*60 FORMAT(1XIIOR= REAL PART OF CURRENT SOURCE EFTWEEN WIRE AND iEFFRSHLDO363

lENCE CCNDUCTOR AT X=011 SlL DO 364
211,IIOI= IMAG PART OF CURRENT SOURCE EETWEEN WIRE AND REFEREMCF COSHLD0365
3MCNUCTOR AT X0O'/ s9LDC366
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411,4YOR= REAL PART OF ADMITTANCE BETWEEN WINE AND REFERENCE CCNDUCSHLD0367
5TCR AT X=01/ SHLD0368
61X,IY101 IMAG PART OF ADMITTANCE EETWEEN WIRE AND REFERENCE CONDUCSHLDOJ69
7TC3 AT X=09/ SHLD0370

* 811X,'ILR= REAL PART OF CURRENT SOUSCE BETWEEN WIRE AND REFERENCE COSHLD0371
*9NDUCTOR AT X=Ll/ SHLD0372

A1X,'ILI= IMAG PART OF CURRENT SOURCE E!TWEEN WIRE AND REFERENCE COSHLD0373
ENrUCTOR AT X=L'/ SHLDC374
ClX,'YLR= REAL PART OF ADMITTANCE EINUEN WIRE AND REFERENCE CCNDUCSHLD0375
DTOR AT X=L/ SHLD0376

SEll, 'YLI= IMAG PART Or ADMITTANCE BETWEEN WIRE AND REFERENCE CCNDUCSHLD0377
FTOR AT X=L@///) SHLD0378
IRITE(6,611 SULD0379

* 61 FORMAT(IX,'WIRE',81. 'IOR',12X,'IOI',121,'YOR',12X,'YOI',12X, SIILD0380
1IILR%12X,*ILI,12X,YiIR,12X,'YLI'//) SHLD038 1
IF(SU.EC.O) GO TO 65 SHLD0382
DO 66 1=1,NJ SHLD0383
READ(5,62)XOR,IOI,YOR,YOI,ILt,ILI,1[U,YLI SHLD0384

62 FCRF!AT (8(ElO.3)) SHLD0385
VRrTE(6,63) I,IOR,IOI,10R,YOI,ILR,ILI,!LR,YLI SHLD0386

63 FCRMAT(2X,12,5X,1PF1O.3,5X, 1PEIO.3,5X,IPEIO.3,5X,1PE1O.3,5X, SHLD0387
IIPE1O.3,5X,1PEIO.3,51,1PEIO.3,5X,1P1O0.3) SHLD0388

* O(I)10OR.IJ*IOI SHLD0389
IL (I) =ILR4XJ*ILI SHLD0390
TO(I,I) =YOR.IJ*YOI S HLD 0391

64 YL(I,x)=YLR+XJ*Yrt SHLD0392
65 CONTINUE SII LDO0393

IF(VS.EQ.O) GO To 73 SHLD0394
NISR=O SHLD0395

*NVSB=O SHLD0396
NISL=O SHLDC397
NVSL0O SHLDC398 -
VRIIE(6,66) SHLD0399

66 FOR21ATU'/,1X,'SHIELDED WIRE,3X,'IOB',12X,'IO1',12X,YOR',12X SHLD0400
1,'YOI,12X,'ILBR,12X,.1L1',12X,'YLB,12,ILTI//) SHLD0401

NGND R=o SHLOO402
NGNDL=O SHLD0403
DO 72 I=I,NS SHLD040'4
READ(5,67) IOR,I0I,YOR,Y0I,ILE,1LI4ILR,YII SHLD0405

67 FCRPAT(8(E0O.3)) SHLD0406
WRITE(6,68) I.IOR,IOI,ICR,YOI,ILR,ILI,4LR,YLI SHLD0'407

68 FOR!AT(3,I2,8X,IPEIO.3,5X,1PEO.3,5X,IPEIO.3,5X,1PE10.3,5X, SIILD0408
11PEIO.3,5X,IPE10.3,5X,lPEI0.3,5X, IPEIO.3) SHLD0409
IO (I+NU) =IORxj*ioI SHLDO'410
I I (I +N U) =.ILR + XJ*.ILI SHLD041 1
TO (I+NU,I+NU) =YOB+XJ*YOI SHLD04 12
YL(I.NU,.NJ) =YLB.IJ*YLI SHLD0'413
READ(5,69) IGNDL(I) ,IGNDB (I) SHLD0I414

69 FORMAT (91,1,29X,11) SHLD0415
IF(IGNDL(I).EQ.1) GO TO 70 SHLD04 16
IF(IGNDL(I).Eg.2) GO TO 70 SHLD0'417
NGNDI=l SHLD04 18

70 CONTINUE SHLD04 19
IF(IGNDR(I).EQ.1) GO TC 71 SHLD0420
rF(IGNDR(I).EC.2) GO TC 71 SHLD0421
NGN R=l 1SH1LD0422

71 CCNTINUE SHLD0423
IFLIGNDR(I).EC.1) NISB=NISR.1 SHLD0424
IF(IGIDR(I).EQ.2) NTSR=NYSR*1 SHLD0425
IF(IGNDL(I).EQ.1) MISL=NISL.1 SHLD0426
IFK(IGNDI(I).EC.2) NVSL=NVSL.1 SHLD0427
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72 CON71NUT SH LD0'4 2 t
IF (MGNDL. EQ. I. OR.NGN DR. EQ. 1) GO TO 220 SH~LDO429

73 CCNTIwUE SHLD0430
K 1NUPS-1 SHLD0431
DO 75 I=1,Kl SHLD01432
IP1=I. 1 SHLD0433
Do 75 J=1P1,NUPS SHLDO0434
READ(5,74) YOR,YOIYLR,YLI SHLD04 35

714 FORPAT(20X.2(E10.3),2OX,2(E1O.3)) SHLD0436
YO (I,J) 'Y0R.XJ*YOI SHILDC437
YL(1,3)=YLR+XJ*YLI SHLD0'438
T0(Ji, I) ~YO0(1 ,J) SHLD04 39

75 Y I(J , I YL (I ,J) SHLD0440
WRITE(6. 76) SHLD044 1

76 FCRMAT(//,l0X.*tMPEDANChS BETM-EN WIRES@//) SHfLD04M2
IF(14U.EQ.O) Go ro 80 SHLD0L443
WPITE(6. 77) SHLD01444

77 FOR4AT(lXgWIPEI,2X,IWIRE.,18X,'TCDI,12XIOI,12XgYLk'g12X, SHLD0445
1'Y II //', SHLD0446
MKN=N('-1 SilLDO0447
DC 79 I=1,PIKN SIILD0'448
lpi =1.1 SIILD0449
DC 79 J=IPI,Ntl SHLDO450
%RIIE(6,78) I.J,YO([,J),YL(I,J) SHLD0451

78 FOR9AT (2X,12,41,12,15X,1PEIO. 3,5X,1PEIO.3,5X, 1PEIO.3,5X,1PE10.3) SHLDC452
79 CCNIINIJE SHLDo453
80 CCNTINEJE SH1LD0454

TF(NU.EC.O.OR.NS.EQ.O) GO TC 84 SH1LD0455
WFITE(6,81) SHLD0456

81 FCRrAT(///,1XIWIRE',2X,'skJILDED UIRE',12X,lYOR',12X,fYOIs,12X, SHILD0457
1' YLBV,12X,OYLRO//) SHLD0458
DC 83 I=1*NU SHLD01459
DC 83 J=1,NS SHLD0460
VRIIE(6,82) 1,J,Y0(I,J4NU).YL(I,J.NU) SHLDC461

82 FORMAT(2X.12,7X,12. 15X,IPE10.3,5X,112EI0.3,5X,lPEIO.3,5X, SILDO 462
I IPE 10. 3) 31HLD0463

83 CC'IIINUE SHLD.464
814 CCNIINUE SHLD0465

IF(NS.EQ.O) GC TO 100 SHLD01466
NBITE(6,85) SHLD0467

85 FCR.IAT(///,.X,ISHIELDED WIRE',2X,ISHIELDED VIBE',7X, S11LD0468
1'YOIOe19X,'YOIg,19X,YLl',19I.'YLI'//) SHLD01469
MKIS=NS-1 SIILDC470
DC 87 11I,MKS S HLD0471
IP1=I* 1 SIILD00472
DC 87 J=1PI,NS SHLD0473
WR~ITE(6,86) I,JYO (I+NIJ,JNU) ,YL(t4NU,J*HtJ) SH1LD0474

86 FCR'MAT(5X,2,13X,12, 1OX,PE.3,12 1 1PE1.3,12X,1PEIJ.3, SHLD04I75
1 12X,lPEIO.3) SHLD0476

87 CCNTINUF SHLD0477
WIITE(6,88) SHLD01478

88 FCE.MAIA////,2OX.'sHIElD TER-9INATICW CATAI//) SHLD0479
V BITE (6,*89) SHLD01480

*89 FCB9AT(1X,ISIIIELD',5X,'TERMINATION AT X=01,SIL48
11OX,ITERflINATICN AT X=L//) SHLD01492
DO 99 I-1,NS SULD0.483
IF(IGNDL(l).EQ.1.AND.ILGNDR(I).EQ.1) GO TO 90 SHLD01464
IF(IGNDL(I).EQ.1.AND.IGNDR(I).EQ.2) GO TO 92 SHLDC485
IF(IG!IDL(I).EQ.2.AND).IGNDH(I).EQ.1) GO TO 914 SHLD01486
IF(IGNDL(1).EC.2.AND,.IGNCR(I).EQ.2) GO TO 96 SHLD01487

90 CC~fTINUE SHILD0488
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iIBI'E(6,91) I SHLD0'489
91 FORNAT(3X,I2,12X,'SHORI' ,23X,' SHORT') SHLDO49O

GC IC 98 SHL3049 1
92 CONTIINUE SHLDC492

wRrTE(6,93) I 3HLD0493
93 F0RNAT(3X,12,12X,'SHORT%,24X,'OPEN') SiHLD0'494

GO TO 98 SHLD0495
94 CONTINUE ShILD0L496

VBITE(6,95) I S11LD0497
*95 FCRMAT(3X,T2,13X,IOPEN',23X,*SHOBT') SHLD0498

GC 'IC 98 SHLD0499
96 CCNTINUE SHLD0500

VRI'IE(6,97) I SHLD0501
97 FORN.4AT (3X.2, 13X,'OPEN' .24X,'OPENI) SHLD0502

*98 CCN'IINUE SHLD0503
99 CCNIINUE SHLD0504

*100 CONIINUE SHLD0505
DO 101 I=1,NUPS SHLI)0506
DO IC1 J=1,NEJPS SHLOO507
YD (I,J) =-YO (I,J) SHILD0508

101 YLI(I ,J=Y L (I ,J) SHLD0509
DC 103 I=1,NUPS SkiLD 0510
SUMC1=ZEROC SHLD0511
S UMC2= ZEEOC SHLD0512
DC 102 J=1,SIUPS Ski LDO 513
S U mc 1= S U 1C I* Y0 ( IgJ) SHLD05 14

102 SURC2=SDC2YL(I,J) SHLD05 15
YD (I,I)=-SUMIIC SHLD0516

103 YL(II)=-SUMC2 SHLD0517
*104 CCNINUE SHLD0516

C SHLDC519
C SHLD0520
C REAL FREQUENCY AND CCMFUTE CONDUCTOR I4PEDANCES SIILD0521
C S11LO 0322
C 311L00523

READ(5,1O5,END=225) F SHLD0524
*105 "CRNAT(E1O.3) SHLD0525

OIIEGATWO*PI*F SHLD0526
JCFGA=XJ*OMEGA SHLDOi27
READ(5,106) ZGR,ZGI S11LD0528

106 FOR AT(2 (E 10.3) ) S[ILDOS29
ZG=DCN4PLX (ZGD,ZGI) SIILD0530
VRI'IE(6,107) F,ZGR,ZGI SHLD~0531

107 FORMAT (////, 1X,'FREQUENCY(IIZ)= ',1PE1O.3// SH1LD0532
11X,IEFERENCE CONDUCTOF IMPEDANCE= ',PE1O.3,' +J 1, S[ILDOS33
21PE10.3,' OHMS PER METED') SHLD0534

IE(NU.EQ.O) GO T0 109 SHLD0535
DC 108 I=1,NU ShLDOS36

108 ZVWV (I) =ZNW (HWST (I) , NST (I) *SIGWST (I)) SHLD0537
109 CONTINUE SHLD0538

IF(NS.EQ.O) GO rO 113 SUiLDO339
DO 112 11I,NS SHLD0540
ZUWHV(I) =Z1WW(RWHST(I) ,NIH(I) ,SIGWHS (I)) SIILD0bL&1
ZWPLV(I)=ZNU(RPWSTL(I) ,NPL(IhSIGEIL (I)) SHLD0542
ZWPRV (I)=ZVW (RPWSTE (TINPR (I) ,SIGPWiR(I)) SHILD0543
IF(STYPE(I).EQ.2) GO T0 110 SHLD05I44
ZSV (I) =ZSS (ES (I),TS (I),S IGS (I)) SHLD0545
ZDVI)=ZDS(RS(I),TS(T),SIGS(I)) SHILD0546
LU (I) =ZERO ifiLD0547
S'IV (1) =ZERO SIILD0948~
GO TO 111 SilLD0549
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110 CONJTINUE S[DLD055O
ZSV (1) =ZSB(RS (1) ,RB(I) ,SIGB (I), THE (I),* SIILD0591
1BELT (I) ,WP (I)) SHLD0552
ZrV (1)=ZDB (RS (I) ,RB (1) SIGB.(I) ,THEB(1), SIILDO553

1 BELT (I) , IPB (I)) SHLD0554
LTV (I) =LTB (RS (1) ,RH (I) ,THB (I) , SIILD0555

IBELT (I) ,WPB(I)) SHLD055b
STV (I) =STB BS (I) ,RB(I) ,THB(I) , SH1LD0557

lEELT (I) , UPB (I) , EBS (I)) SDiLDO55E
Ill CONTINUE SHLD0559
112 CONTINUE SHLD0560
113 CONTINUE SHLDO561

lF(NS.EQ.O) GO TO 1614 SHLD0562
C SHLD0563
C 5SIILD 0564
C CCMPUTE CHAIN PARAMETEE MATRICES FOR SHLD0565
C RIGHT PIGTAIL SECTIONS SHLD0566

*C SHLD0567
C SDL DO 568

DC 114 I=1,NS SHLD0569
*114 LPT (I) =LPR (I) SD LD057 C

IPR=O SHLD0571
LMAIB=ZERO SHLD0572
DO 116 I=1,TNT SIILD057 3
DO 115 J=1,TNT SHLD0574

115. PHIR I , J) =ZEROC SHLDO575
116 PHIS (I,1) =ON EC SHLD0576
117 CONTINUE SHLD0577

DC 118 I=1,NS SHLD0978
*118 IF(LPT(I).GE.LMAXR) LMAXR=LPT(I) SHLD0579

IF(IPR.EQ.O) LTR=LN&AXB SHLD0580
IF(IMAXR.EQ.ZERO) GO TC 132 SHLD0581
TPR=IPR.1 SHfLD0582
L MIN9= LM AXE SHLD0583
DO 119 I=1,NS SHLD0584

*119 IF(LPT(I).LE.LMINH.AND.LPT(I).NE.ZERC) tMINR=LPT(I) SILIY0585
DO 120 I=1,NS SHLD0586
KEY (I) =1 SHLD0587

120 IF (LPT (I).GE.LMINR) KEY (I)=2 SHLD0588
CALL INDUCT(IND,NU,NS, NT,NUPS,NTYPE,114YVZN.RS,YS, ZS, SHLD05839

1REU9,,YPR,ZPR ,RiB, KEY,141W,NNS) SHLD0990
DC 121 I=1,NT SIILDC59 1
DO 121 J1I,NT SH1LD0592

121 Z(I,J)=JOREGA*INDI,J).ZG SHLD0593
IF(NU.EQ.0) GO TO 123 SHLD0594
DO 122 11I,NU SHLD0595

122 Z 41,I) =Z (1, 1) +ZNIV (1) SHLD0596
123 CONTINUE SHLD0597

CALL INPADD(Z,KEY,NO,NS,NT,NUPS.ZSV,ZDV,LTV,2dPRVZWWHIV, N'Tf1,NNS) SHLD0538
CALL SCAP(SS,IND,NU,NS,NT,NUPS,KEY,NNU. NNS) SHLDC599
CALL ADMADD(KEY,NI,NSNT,NIPS,BS,TS,BBFI,ERS, SS~srv,NNu,NNSJ SHLD0600
DO 125 I=1,NT SHLD060 1

4 DO 1214 J=1.NT SHLD0602
T (I,J)=SS IIJ)*ONEC SHLDObO3

1214 TI(I,J)ZEROC SHLD0604
*125 TI (I I) =ONEC SHLD0605

CALL LEQTIC(T,NT,NT,TI.NT,NT,O,VA,IEH) SHLD0606
DO 126 11I,NT SiHLD06O7
DO 126 J=1,NT S11LDOfiOS
Y 11,J)=JONEGA*DREAL (TI (IJ)) SHLD0609

*126 YINY(IJ)=SS(I,J)/JOMEGA SHLD06 10
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CALL MULTC(TI,Y,Z,NT,N1, NT) ~S'Lf06 11
CALL EIS;CC (TI,NT,V-r,2,GAM,T,NT,W , lER) StiLD06l2
DO 128 11I,NT SHLD061 3
DC 127 J=1gNT i HL D06 14
Z 11 ,J) =T (I, J) SHLD0615

127 T I(1,J) =ZEROC 5'1LD0616
128 TI(I,I)=ONEC SHLD0617

CALL LECT1C(Z,NT,4TTI DNTNT,'),WAIER) SlILDOo18
DC 129 T=1,NT SHLD061 9

129 G A 9(I) = CDSQ R I(G A 0.(I1) 3 H L 1) 06 2 0
CALL PHI(PHIT,NT,TNT.L!OINRGA'UY,YINV,TTIEPI!4) SHLD0621
CALE MULTC (TPHI,PHIR ,PHII, TNT,TN ,'INT) SHL0622
DC 130 I=1,TNI SHLD0623

*DC 130 J=1,TNT SHL00624
130 PHIR(I.J)= TPHI(I.J) SHiL 00625

DC 131 I=1,NS SHLD0626
* 131 IF(LPTfI).NE.ZERC) LPT(I)=LPT(I)-LMINF SII LD 0627

LNIAXRI=ZERO SHLD0628
GC IC 117 SHLD0629

*132 CONTINUE SHLD0630
WRITE(6,133) IPR SHLD0631

*133 FCR.MAT(//10X.'THE 4.EER CF RIGHT FIGIAIL SECTIONS SliLD0632
*1,1211) SHLD0633

C SHLD0634
C SHLD0635
C CCMEUTE CHAIN FARAMETEE MATRICES FOR S HLD 0636
C LEFT PIGTAIL SECTIONS SHLDO0637
C SHLDO63e
C SHLD0639

00 134 I=1,NS SHLDCG6i0
134 LET (1) =LPL (I) SIILD0641 A0

IPL=O SHLD0642
LIAXL=ZERO SHLD0643
DC 136 I=1,TNT SIILD00644
DC 135 J=1,TNT SHLD0645

135 PFIL(I,J)=ZEROC SHLD0646
136 PHIL(I,I)=ONEC SHLD0641
137 CCNIINOE SHLD0648

DO 138 1=1445 SHLD0649
138 IF(LPT(I).GE.LAXL) LMAXLLPT(I) SHLD0650....

IF(IEL.EQ.0) LIL=LMAXL SHLDO651
IF(LIAXL.EQ.ZERO) GO TO 152 SH1LD0652
IPL=IPL+ 1 SHLD0653
1l0IbL=tMAXL SHILD0b54
DC 139 I=1,NS SH1LD0655

139 IF(LPT(I).LE.LMINL.AND.LPT(I).NE.ZEBC) IMINL=IPT(I) SHLDOo560
DC 140 Iz1,NS S11LD0657
KEY (1) =I SHLD0658

140 IF(LPT(I).GE.LMINL) KEY(I)=2 SHLD0659
CALL JINDUCT(IND,NU,NSNT,NUPS,NTYPE,BW.YW,Z1,RS,YS,ZS, SHLD0660

IRPVL EYPLZPLRUH,KEY,NtU,NNS) SHLD0661
DC 141 11I,NT SHLD0662
DC 141 J=1,Nl SHLD0663

141 Z (1,J) =JOMEGA*IND (I,J) +ZG SHLD0664
IF(BU.EQ.0) GO TO 143 SHLD0665
DC 142 1=1,NU SH1LD0666

142 z (I,) =z (,)*zvwv (1) Sn LD 0667
143 CCNTINUE SHLD06b

CALL IMFADD(Z,4EYNUNS,NT,NUPS,ZSV,ZDV,LTV, ZNPLV,ZWWHV,NN1J,NNS) S11LD0669
CALL SCAP (SS,INDIU,NS,N1,NUPS,KE!.NNU,NNs) SHLD067C
CALL ADMADD(KEY,U,NS,NT,NUPS,RSS,BWH,ENS,SS,STV,l4U,NNS) SHLD0671
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DC 145 I=1,NT SEILD0072
DO 144 J=1,NT SHLD0673
T (IJ) =SS(I,J) *ONEC SHLD0674

144 TI(I.J)=ZEBOC SHLD0675
145 T I (I, I) =ONEC SHLD C676

CALL LEQTlC(T,NTSNT,II,NI,NI,O,WA ,IER) SHLD0677
DC 146 I=1,?IT SHLD0678
DO 146 J=1,NT SHLD0679
Y (I,J) =JOMEGA*DREAL (TI (I,J) ) SHLD0680

146 YINVIIJ)=SS(I,J)/JC?!EGA SHLD0691
CALL 'iULTC(TI,YZ,NT,NT,NT) SHLD0682
CALL EIGCC(TI,NT,NT,2,GAM ,T,NT,WI(IEB) SIILD0683

* DO 148 I=1,NT SkILD0684
DC 147 J~lfNT SIILD0685
Z (1,J) =T(I.J) SH1LD0686

147 TI(I,J)=ZEROC SHLD0687
148 T I(I ,I) =0N EC SHLDC686

* CALL LEQT1C(Z,NT,IT, 'I,NI,NI,OVA .IER) SHIL D06 89
DC 149 I=1,NT SHLD0690

149 GAM II) =CDSQRT (GAK (I)) SHLDC691
CALL PHI(PHII,NTTNT,LMINL,GAN.YI YINV.TT1,EP,!N) SHLD0692
CALL N.ULTC(TPHI,PHIT,PHIL,TNT,TNT,TNT) SIILDO693
DO 150 I=1,TNT SHLDC694
DC 150 J=1,TNI SHLD0695

150 PHII ,IJ) =TPHI (1,J) SHLD0696
DO 151 I=1,NS SIILDC697

151 IF (LPT (I) .NE.ZERO) LPT (I) =LPT (I) -LNINL SHLD0698
IFLAXL=ZEBC SHLD0699
GO TO 137 SHLD0700

152 CCNTINUE SHLD0701
WRIIE(6,153) IPL SHLD0702

153 FORMAT(//10X, lHE NUMBI~ER OF LEFT PIGTAIL SECTIONS =SHLD0703

l.12//) SHLD0704
*C SHLD0705

*C SHL00706
*C CC'IPUTE CHAIN PAHAM1ETEB MIATRIX FOR SHLD0707
*C SHIELDED SECTION SHLD0708

C SHLD0709
C SHLD0710

LSHLD=L-LTL-LTR SHLD07 11
IF(LSHLD.LE.ZERO) GO To 222 SHLD0712

* DO 154 I=1,lIS SHLD07 13
15t4 KEY(I)=l SHLD07 14

CALL INDUCT (IND,NUNS,NT,NUPS,NTYPE,RW,YWZW, RS.YS,ZS, SHLD0715
IRPVFI,YPR,ZPH,RWH, KEY ,NINU NNS) SHLD0716

*DC 155 1=1,NT SHLD0717
DO 155 J=1,IIT SHLD0718

155 Z(I,J)=JOMEGA*IND(I,JjtZG SHLD0719
IF(NU.EQ.O) GO TO 157 SHLD0720
DO 156 I=1,NU 511LD072 1

156 Z (I, I) =Z(I, I) .ZWWV(I) SHLD0722
157 CCNTINUE SHLD0723

CALL IMPADD(ZKEY,NU,NS,NT,NUPS,ZSV,ZDV,LTVZWPLV,ZWWHV,NNU,NqNS) SHILD0724
CALL SCAP (SS,IND,NU,NS,NT,NUPS,KEY,bNU,NNS) SHLD0725
CALL ADNADD(KEY,NU,NS,NT,NUPS,RS.TS, DUH,ERS, SS, STVNNU,NNS) SHLD0126
DO 159 I=1,NT SHLD0727
DC 158 J1I,NT SIILD0728
T (IJ) SS (I,J) *ONEC SPLD0729

158 TI (I fJ) ZEROC SHLD0730
IS9 T 1(1,) =ON EC SiILD0731

* CALL LECTlC (TNTNTTI,NTUNTU,WA,IER) SHLDO732
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DO 160 I1.NT SHLDC7]33

DC 160 J=l.NT SHIL D0 34
Y (I ,J) =JCMqEGA*DREAL(TI (I,J) ) SHLD0735

160 YINVI.J)=SS(I,J)/JCMEGA SILLDC73b
CALL IULTC(TI,Y,Z,NT,N1,NT) SHLD0737
CALL EIGCC(TI,NT.rT,2,GAM.T,NT,WK,IER) SHiLDO738
DC 162 I=1,NT SHLD0739
DC 161 J=1,NT SHLD0740
Z (I , J) =T (I J) SHLD074 1

161 T1(I,J)=ZEROC SHLD0742
162 TI1(1,1) =ONEC SHLDO74]

CALL LEQT1C IZ.1T,NT,TI,NT,N1,0, WA,IER) SHLD0744
DC 163 I=1,NT SHLD0745

163 GAN4(I)=CDSQRr(GAM(I)) SHLD0746
CALL PHI(TPil,NT,TrNT,LSHLD,GAM,Y,'iINV,TTI,EP,HN) SHL00747
CALL 9IJLTC (PHIT,TPilI. PHIL,TNT,TNT,TN!) SHLD0748
CALL 'iULTC(TP1.I,PHIR .PHI1,INT ,TNI 1T1) SHLD0749
GC IC 173 SHLD0750

C SHLD0751
C SEILD0752

*c CCMFtJTE CHAIN PARAMIETEF MATRICES EOR SHLD0753
C LINE HAVING NO SHIELDED WIRESS1D05

C SHLD0755
C SHLD0756O

164 CCNIINUE SHLD0757
CALL INI2UCT(IND,NIJ,NS,NT,NUPS,NTYPE,BW,YW,ZW, RS,YS,ZS, SHLD0756

IREFDYPR,ZPR,RWH,KEY,NbdJ,NNS) SrILD0759
DO 165 I=1,NT SHLDC760
DC 165 J=1,NT SHLD0761

* 165 Z (I ,J) =JOMEGA*IND (I,J) .ZG SH1LD0762
DO 166 I=1,NU SHLDC763

166 ZtI,i)=Z(I,I)+ZWNV('I) SIILDO164
CALL SCAP (SS,IND, NU,NS, NT,N(JPS, KEI,NNU, NNS) SaLD0765
DO 168 1=1,NT SH1LD0766
DC 167 J=1 5 NT SHLD0767
T (IJ) =SS (I ,J) *ONE SHL00768

167 TI (I J)=Z EROC SHLD0769
168 TI(I,I)=ONEC SHLD077C

CALL LECT 1C(T.NT.NT, II,NT,NI,0,A,NB) SHLD0771
DC 169 I=1,NT SHLDO772
DC 169 J=1.NT SHLD0773
Y (I ,J) =JC4EGA*DBEAL(TI (I,J) ) SHLD0774S

169 YI NV I , J)=SS (I J) /JC EG A SULD0775
CALL M!ULTC(TI,Y,Z,NTN7,NT) SHLD0776
CALL EIGCC (TI,*NTNT, 2,GAM,T,NT, UK ,fl) SHLD0777
DC 171 I=1,NT SHLDC778
DO 170 J=1.NT SHLD0779
Z (I,J)=T (I,J) SHLD0780

170 TI (1,J) ZEROC SIILD07137d
171 TI(T,I)=ONEC SHLD0782

CALL LEV TIC(ZNTNT,. EI,N.N1O,UA,IEB) SHLD07JA3
DC 172 1=1,NT SiILD0784

172 GAM (1) :CDSQR'r(GAM (1) S11LD0785
CALL PHI (TPHI,NT,TNT,L,GAM,Y,YINV,1, I,EP,EN) SHLD0786

173 CCNIINUE SHLDC787
C SHlL DO788
C SHLD0789
C REARRANGE PHI MATRIX SHLD)C790
C SPLDC791
C SUHL D0792
C REARRANGE ROWS SHiLT)0743
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C Sk1LD0794
C H~LD079ci

IF(NU.EC.O) GO TO 175 SIILD0796
DO 174 I=1,NU St1LDC797
DO 174 J=1,TNT SHLD07981
P HI I (I ,J) =T P HI(I ,J) SILDC799

174 PHITI4NUPS,J)=TPHI(I.NT,J) SHLDC800
175 CONTINUE SHLDO8O1

IF(NS.EC.O) GO TO 182 SHLD0802
DC 176 I=1,NS SHLD0803
DO 176 J=1,TNT Sl1LD0004
PHIl (l.NU,J)=TPHI(I+NUPS,J) SIILD080O5

*176 PHIT(I.NUPS+NU,J)=TPHII.NT*NUPS,J) SHLD0806
K=O SHLDU807

DC 161 I=1,NS SHLD0E309
IF (IGNDR (I). EQ. 1) GO TC 178 SHLD0310Oo
K=K. 1 SHLD0611
DO 177 J=1,TNT SIILD08 12
PHI! I(.TNUPS,J).=TPHI(I+NU,J) SHLD08 13

177 PHIl (K+TNtPSNSNIS,J)=TPHI(I.TNUPS,J) SHLIC081 4
GC 10 180 SHLD08 15

178 CCNIINIJE SHLD08 16
N=M 4 SHLD0817
DC 179 J=1,TNT SHIL DO t18
P1111(N+TNDPS4NVSR,J)=TEHI(I.TNUPS,J) SHiLD03 19

179 PHrI(MflTUPSGNS,J)=TPHI(I+NU,J) SHLD0820
180 CON7INUE SHLD0821
181 CONTINUE SHLD0822
182 CONTINUF SHLD0823

DC 183 rI,TNT SHLD0324
DC 183 J=1,TNT S11LD0325

183 TPHIII,3)=PHIT(I,J) SHLDI32f6
C SII LDO0827
C SHLD0828
C REARRANGE COLUMINS SHLD0829
C SHLD08 30
C SHLD0O31

IP(NC.EQ.0) GO TO 185 SIILD0832
DO 184 J=1,NU SHLD0833
9C 184 I=1,TNT SHLD08 34
PHIT (1,3) =TPHI (I,J) SU[L DO 35

184 PHIl (I,JNUPS).=IPHI(I[,JNT) SIILDOH836
185 CCNIINUE S[ILDOH37

IF(NS.EQ.O) GO TO 192 SHLDOJ38
DO 186 J=1,NS SHLD0339
DO 186 I=1,TNT SH L D0340
PUI!(I,J+NU) =TPHI(I,J+NUPS) SUILDO84 1

186 PHITI(T,JGNUPS.NU)=TPHI(I,J+NT+NUPS) SHlLDOd42
K=0 SHLD0843

M=O SHLD~dC44
DO 191 J=1,NS SHL DO0345
IF(IGNDt(J).EQ.1) SO TC 188 SHLDO3I46
K=K+1 SHLDC847

* DO 187 I=1,TNT SHLD03'48
PHIl II,I(+TNU PS) =TPHI (I.J+NCI SAILD0849

187 PIl!(I.K+TNtPSNS+NISL)=TPHI(I,J+TNUPS) SkILDCd50
GC TO 190 SHLOO851

188 CCNTINUE 511LD 0852
11=8 + 1SHLD083

DO 169 I=1,TNT SHiLDOdW.4
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PaIT(I,M4TNUPS*NVSL) =TPHI(I,J*TNUPS) SHLD0855
189 PHII(I,11+TNUPS*NS)=TPHI4X,J.NU) SHLDC856
190 CCNIINUE S HL 0057
191 CONTINUE SHLD085b
192 CCNIINUE SHLD0859

C SHLD0360
C SHLD036 1

c INCCIPOPATE TERN INAL CCNDITIONS SHLD0862
C ~3HLDC363

C SHLD0964S
DO 194 lz1,NUrS SHLDOd65
DC 1914 J=1,NUPS SHLDOO866
SUMC=ZEBOC SHL DO 67
SU'lC1=ZEROC SHLD0668
SrUnC2=ZFRioc SHLD08690
DC 193 K=1,NUPS SHiL DO870
SUIC=SU3C4PH1T (IK.+UPS) *10$(,J) ShiLD 0871
SUJC1=SUNC1.PNIT(I.NUPS, K.NUPS) *10 (I,J) SHLD0872

193 SUNC2=SUNC2.YL(1,K) *PHIT(K,J.NUPS) SHLD0673
B (1,J) -SUMC+PHIT(I,J) SIILDC374

*C(I,J)=SUMCl-PHIT(I*NUPS,J) S4LD0875
* 194 D(I,J)=-SUMC2*PHIT(I.NOPS,J*NUPS) SHLD0876

IF(IIS.EQ.0) GO 10 199 SHLD0377
0O 196 I=1,NUPS SHLDC98
DC 196 J=1,%S SHLD0379
SUNC=ZEIOC SHLD0880
DC 195 K=1,NUPS SHLD0881

* 195 SURC=SUMC*!L(I,K) *PHIT(K,J.TNUPS) SHLD0882
* 196 A(I,J+NUPS)=SUOIC-PkiIT(I*NUPS.J*TNUPS) SkILD0'383

DO 198 1zl,NS S 1L D 0:8 4
Do 198 J=1,NUPS SIILD0885
SUMC=ZEHOC SHiLD0386
DO 197 K=1,NUPS SHLD0887

197 SUMC=SOCPHIT(I+TNtPS.NS,K*N!JES)*YO(K,J) SH1LD0388
198 AfINUPS,J)=STJNC-PHI'I(I+TNUPS.NS,J) SHLD0889
199 CCNTINUE S ilLDC89 0

DC 202 I=1,NUPS SH4LD089 1
S UMPC=Z E OC SHLDC892 "
DO 201 Jzl,NUPS SH1LD0893
SUMC 1=ZEROC SHLD0894
Do 200 K=1,NUPS SHLDC895

200 SUMC1=SIJNC1.YLfI,9)*B(K,J) SHLDC896
A (I ,J)=C (I,J) *SUMqCl SHLDC897

201 SURC=SUMCGD (1,J *tO (J) SHILDOB96
202 EP(1)=IL(I)*suNc SlULDC8990

IF(WS.EQ.0) GO To 206 SHLD0900
DC 203 121,145 SHLD0901
DO 203 J1I,NS SHLD0902

203 A(I.NUPS,JNUPS)=-PHI'I(ITNUPS.NS,J!NUPS) SHLD0903
DO 205 I21,MS SHLD0904
SUnC=ZEROC SHLDC905
DC 2014 Jz1,M4UPS SPILD0906

2014 SUMCSTJPCPHI(I*TNUPSNS,JINtPS)*IO(J) SHLD0907
205 EP(1*NUPS)=SURC SHiLDC9O8
206 CONTINUE S HitDO09

CALL LECTIC(A,NT,NT,EP,1,NTOVA,1!R) SHLD0710
DO 208 1-1,NUPS SHILD09I11
SUlC=ZEI1OC SHLDO)12
SUNC1-ZEBOC ShiLD091 3
Do 207 J21,NUPS SHLD041~4
SUMC*SO!IC*B(I,J) *EP(J) SHLDOq15
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207 S U1L 1 S U MC 1 P I(1 1J W F';) I (J) S ifL 0 9 16
208 EN(I)=SUMC.SJMC1 511 LDC9 17

IF (N5. EQ.O0) (W To 21 1 zSdLDO318
DC 210 I,NUPS SULD09J19
SUMIC=ZEROC SUiLD0920
DC 209 J=1,NS SrILDO92 I

209 SUMC=SUMC.PHIT (I ,J+TNUES) *EP(J+NUJFs) SliLD0922
210 EN (1)=EN (I) SUMC SHLDC923
211 CCNIINUE S HLDO9 2L

IF(?NU.EC.0) GC TO 215 SHLD0925
WRITE (6,212) SIILDC926

212 FORMAT(/////,1X,IWRE,14X,'V0N(VCLTS)I,1'5X,'VOA(IE-P,,'3)', SIILD0927
128X,'VIi(V0LTS) ',15X,IVLA(DEGREES) //) SHLD0928
DO 214 I=1,NU Sli LD 0929
VWL=EP (I) SHILDO '30
VWLIR=CDABS (VWL) SHLD31
VWLR=DR;!AL (V4L) S11LD0932
VWLI=DIMAG (VWL) SHLD0933
VWLA=DATAN2 (VWLI ,VWLR) *BADEG SHLD0934
VWR=EN (I) SHL30935
VWR.M=CDABS CYVR) SIILD0936
VWRP=DREAL (VIIR) SHLD0937
'11dB =DIMAG (VWR) SHL10938
VWRA=DA'rAN2(VWRI,VWRR) *RADEG. SHLD09394
WRIE (6,213) I,VWL9i,VWLA,VWRM,VWRA SHLD0940

213 FORMAT(lX,I2,2(15X,1PEIO.3),15X,2(15X,lPE1O.3)) SHLD0941
214 CCNIINUE S HL 00942
215 CCNTINUE SHLD0943

IE(!dS.EQ.0) GO TO 219 SHLD0944
WRI I F(6,216) SHLD0945

216 FOBNlAT(///,1X,lSHIELDED WIRE'.5X,'V0'I(VOLTS)',15X,'VOA(DEGREI-S)I, SIILD0946
128Xf'VLNi(VOLTS)',15XIVLA(DEGREES)§//) SHLDC947
DC 218 I=1,NS SHLD0948
YSWI=EP (I+NU) SHLB04I49
VSVLM=CDA3S (VSWL) SkILDC95C
VSWLR=DREAL(VSUL) SHLD095 1
VSWI I= DI 14AG (VSWL) SdLDO952
VSWLA=DAiTAN2 (VSWLIVSWIR)*RADEG SH LD 0953
VSWB=EN (I+NU) SHLD0954
VSWBM=CDABS ('151d) SHLD0955
VSWBRDREAL (VSIIB) SHLDC956
vsvBi=rIMAG(VSWR) SHLD0957
VSWRA=DATAN2 (VSWBL,VSWER) *RADEG SHLD0956
WRITE (6,217) I,VSWLM,VSWLAVSNBM.VSVRA SHLDO959

217 FCRNAT(IX,I2,2(15X,1PE1O.3).15X,2(151,1PE10.3)) SHLD09~60-7
4218 CCNTINUE SHLD0961

219 CONTINUE SHLD0962
GC TO 104 SHLD0963

220 CCNTINUE SHLD0964
WRITE(6,221) SHLDC965

221 FOBNAT(20XOINPU7 DATA EBBOB'/ SHLD09~66
120X,'CCNSULT USERS MANUAL FOR ALLOWEE RANGE CS FORMIAT') SHLD0967
GO TO 224 SHLDC968

4222 CONTINUE SHLD0969
WRITE (6,223) SHILD0970

223 FORMAT(10X,IIHERE IS A ZERO OR NEGATIVE LENGTH SHIELD ON A SHIELDESHLD0971
ID WIBE'/1OX,'CHECK PIGTAIL LENGTHS AGAINST TOTAL LINE LENGTH') SHLD0972

224 CCNTINUF, SHLD0973
*225 STOP SHLD0974

END SHLn0975aC FLS 10001
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c FL5 10002
C FUNCTION LS1 FOR COMPUTING THE SELF INDUCTANCES CF CCNDUCTOR3 ELS10003
C ABOVE GRCUND FLS 10004
C FLS10005
C FLS 10006

REAl FUNCTION LS1*8(RW,H) FLS10007
IMPLICIT REAL*8 (&-H,O-Z) FLS 10008
REAL*8 MUJ,MU02PI,MIUO4PI FLS 10009
COMNY /RCON/ ZERO,ONETUC,THREE,POUB,MU,NU2PI,MJO4PI, FLS10010
1p1,RADEG, ERTE,SIGCOP,E,FV2 FLS10011
LS1=PUO2PI*DLCG(TWO*H/BN) FLS 10012

*RETURN FLS10013
END FLS10014

C FLN 1001
C FLN 10002
C FUNCTION LMI FOR COMPUTING MUTUAL INDUCTANCES OF CONDUCTORS FLM10003
C ABOVE GROUND FLN 10004
C FLN 10005
C FLN10006

REAL FUNCTION LM1*83(YIYJaZIZJ) FLMI10007
IMPLICIT REAL*8 (A-H,0-Z) FLN10008
RfAI*8 3UI,U02PI,MUO4PI FLM100.09
CCMMCN /RCON/ ZER0.ONE,TVC.THREE.F0UU,NUNU2PI,',UO4PI, FLMl001O
iPI. BhDEG,ERTE.SIGCOP,R,F,12 FL9 10011
Zr - z i- FL%110012
TD=!I-YJ FL.410013
DIJ2=ZD*ZD*YD*YD PLN 10014
LM1=MUO4PI*OLCG(ONE.FOUR*11*YJ/DIJ2) FLN 10015
RETURN FLM 100 16
END FL410017

*C FLS20001
c FLS20002
C FUNCTION LS2 FCR COMPUTING THE SELF INDUCTANCES CF CCNDUCTORS FLS20003
C IN AN CVERALt SHIELD FLS20004
C F LS 200O05
C FLS20006

REAL FUNCTION LS2*8(BVI,2I) PLS20007
IMPL.ICIT RE&L*8 (A-H,0-Z) FLS20008
BEAL*8 MU,MU02PI,MUO4PI FLS20009 '
CCMMCN /RCON/ ZERO,ONE,TVC,THREEICUU,NlU,MU02pI,!JO4PI, FLS20010
1IIBADEG, ERTESIGCOP .RF,Y2 FLS20011
LS2=NUO2PI*DLOG C(R*R-RI*RI) / (*RVI)) FLS20012
RETURN FLS20013
END FLS20014

C FLN120001
c FLn20002
C FUNCTION LM2 FOR COIPUTING THE MUTUAL INDUCTANCES OF CONDUCTORS FL420003
C IN AN OVERALL SHIELD FLN20004
C FL420005
C FLN2COO6

REAL FUNCTION LM208(RIRJTHI,THJ) FLN20007
IPPLICIT BEAL*8 (A-H,O-Z) FL.920008
R!AI*8 !U,NUO2PI,MU04PI FL1 20009
CCMMCN /RCOII/ ZERO,ONE,TUO,THREE,FCUE,MU,!UO2pr,MUGC4PT, FLv.20O10
1 PI,BRDEG, ERTE,SIGCOP,R,F.V2 FL42OO11
R12=RI*RI FLFM20012
RJ2=BJ*DJ FLM200 13
TRIA=THI-THJ FL4200 14
RS2=8*R FL920015
LN2=MU04pI*DLOG((RJ12/RS2)*1R12*RJ24RPS2*RS2-TWC*RI*RJ*PS2* FLM20016
1DCOS(THETA))/(312*RJ.33J2*RJ2-TVCRI*RJ*RJ2*CCO(THETA))) FL420017
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RETURN FL42CO18

C FSTI3000 1
C FSTDO002
C FUNCTION STB FOR COMPUTING THE TRANSFER ELASTANCES ECb FSTD0003
C BRAIDED SHIELDS FST130004
C FSTBOO05

*C FSTBOD06
REAL FUNCTION STB*8 (BS,RE,THW,B,NPBERS) FST00007
IPPLICIT REAL*8 (A-H,O-Z) FSTBOOO8
INTEGER BNP3 FSTBOOC9
REAE*4 TAIHLH(5,S) FSTBOOIO
REAl*8 NU,MU0O2PI,MUO4PI FSTBOO11
CCMNMCN /RCON/ ZERO,ONE,'INO,THREE,FOUR,NU,MUO2EI,MUO4PI, FSTBOO12
IPI,PADEG,ERTE,SIGCOP,R,F,V2 FSTB30013
DATA TABLH/.521,1.O36,1.545,2.O49,2.5I47,.5O2,1.0O1,1.496, FST130014 '
11.987, 2.475,.491,.987, 1.463,1.944,2.423,.480,.956.1.431, FST20015
21.902,2.371,.471,.939,1..404,1.866,2.326,.463,.922,1.379, FST830016
31.834,2.285,.458,.912, 1.364,1.813,2.259,.455,.906,1.355, FSTBOO17
41.801.2.244,.454,.904,1.352,1.796,2.238/ FSTB0018
'IHWN= TIIN* R AD EG FSTBOO19
XF=ELOAT(3)*?LOik(PB)*IO*RB(FOU*PI*RS*DCOS(Hi/RADzG)) ESTBOD20
CEC=TWC*XF-XF*Xf FSTBOO2 1
FAC=I(CNE-OPC)**(THREE/TWO))*TNC*ERS/(ERS*ONE) FST80022
DX=1.OD-2 FSTB0O23
DY=5.ODO FSTBOO24
IF(FAC.I.E.DX) GO TO 2 FSTB0025
IF(!AC.GE.5.OD-2) GO TO 3 FSTBOO26
DC 1 1=1,5 FSTI30027
FAC 1=DX*FLOAT (1) FSTBOO28
X=F AC-FAC 1 PSTBOO29
IF(X.GE.ZEBO) GO TO 1 FSTBOD30
lx =I-I 1FSTBOO31
IX2= I FSTBOO32
DIFX=FAC-DX*FLOAT (IX 1) FSTBOO 33
GC IC '4 PSTDO034

1 CONTIINUE FSTBOO35
2 111=1 FST130036
IX2=2 FSTI30037
DIFX=ZERO FST!30038
GC IC 4 rSTBOO39

3 I11=4 FSTB0O40
IX2=5 FSTBOO4 1
DIFX=DX FSTBOO42

4 CCNTINUE FSTBOO43
4IF(THW.L!.DY) GO 1 o 6 FSTBOO44

IF(IHW.GE.45oODO) GO TC 7 FSTBOO45
DC 5 3=1,9 FSTD0046
PSI 1=DY*FLOAT (3) FSTBC047
Y=T~b-PSIl FSTB30048
IF(Y.GE.ZEBO) GC TO 5 FSTBOO49

JY2=J FSTB0051
4DIPI=THW-DY*FLOAT(JY1) FSTB0052

GO TO 8 FSTBC053
5 CCNTINUE FSTBOO54
6 311=1 FSTB0055

JT2=2. FSTE0056
DIFY=ZERO FSTBOO57
GC TO 8 FSTBOO58

7 311=8 FST20OO99
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JY2=9 Ysri3006j
DIFY=DY YSTBC0b 1

8 CCNIINUE FSTL3OiU 2
-* P1=IABLH(II,JT1) FSTB3006 3

F2=TABLH (112,JY I) FSTBOO64i
F3=IADLH(rxl,JY2) FST80065
F4=IABLH(112,J!2) rsrBOO66
H=FI.DIFX/DX*(12-Fl).DIFY/DT*(F3-FI).DIFY*DIFX/(DY*DXA)*(F4- FSrB0067
173-12+P1) FSTE0068
H=H*DX FSTBOU6-
STB=H/ (TWO*FLOAT (3) *EHS*ERTE) FSTBO~170
'XHU=THW,'RADEG FSTE0t)7
RET U RN FSTB30072
END FSTB007 3

C FLTE30001
C FLTBOO02
C FUNCTION LTD FOR COMPUTING THE TRANSFER INDUCTANCES FOR FLTBOO03
C ERA!EED SHIELDS FLTBlOO04
C FLTI30005
C FLTBOO06

REAL FUNCTION LTB*S(RSRBTHV.,PB) FLTBOJO?7
*I14PLICII REAL*8 (A-HO-Z) FLTBOJ08

INTEGER E,WPB FLTDO009
REAL*4 TABLG(5,9) FLTE!001O

* REAL*8 £U,MUO2PI,MUO4PI FLTL3OJI1
*CCMMCN /RCON/ ZERO,ONE.TWO,THREE,FOUR,MU,MU2PImFJO4PI, FLTBOO12
* ~1PI,BADEG,ERTE,SIGCOP,R,F,V2 LE01J
* DATA TABLG/.539,1.091,1.657,2.236,2.e29,.555,1.117,1.696, FLT!30014

12.261,2.8J44,.584,1.173,1.767,2.366,2.569,.621,1.246,1.874,2.5O7, FLTI$O0l5
* 23. 143,.667,1.337,2.010,2.687,3.36e. .727,1.457,2. 190,2.923J, FLTE001b

33.66e,.807,1.618,2.433,3.253,4.076, .910,1.825,2.7L45,3.671, FLTS0017
44.603, 1.045, 2.C98. 3. 158,4.226,5. 303/ FLT30016
THV=THW*RADEG FLT130019
XF=!LOAT(5)*FLOAT(WPB)*TWO*RB/(FOUR*PI*RS*DCOS(THW/ADE)) FLT!202
OFC=TVO*XF-XF*XF FLT!JOz 1
FAC= (CNE-OPC) ** (THREE/IWO) FLTBOO22
DX= 1.OD-2 FLTBC2?;3
DI'5.ODO F LT 8OO02 4
IF(FAC.tE.DX) GO TO 2 FLTB0025
IF(IAC.C.E.5.OD-2) GO TO .3 FLTBCO26
DC 1 I=1,5 FLTB30027
FAC1=DX*FLOAT (I) FLTB30028
X=F A C- FAC I FLTBCO29
IF(I.GE.ZERO) GO TO 1 FLTE3O030
rxl=i-1 FLTB0031
112= I FLTE0032 -
DIFX=FAC-DX*FLOAT (ril) FLZHO0033
GC IC 4 FLTBOO34

1 CONTINUE FLTL0035
2 111=1 FLT2003f
112=2 FLTBOO37
DIFX=ZERO FLTI200383
GC To 4 F L"P V 0319

3 111=4 FLTB0040
r12=5 ELTE004 1
DIFX=DX F LT 30 0 42

4 CCNIINUE FLTB0043
IF(THV.LE.DY) Go ro 6 FLTHOO44
IF(THIJ.GE.45.0DO) GO IC 7 FLTBDO45

DC 5 J=1,9 FLTBOO46
PSII=DY*FLOAT (J) FLTP0047
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Y=THW-PSI 1 FLT1))'
IF(Y.GE.ZERC) GG TO 5 F I )!j'4i
JY I J- I FLT£3C05C
.1T2=j FL7L'009 1
DIFY=THW-DY*FICAT JJY1) FLTi;0052
GC TO0 8 FLI'U0053

5 CCNIINUE Flr30054
6 JY1=1 F LTb Ci 0 5 5

JY2'=2 FLTB£3O6
DlFY=ZERO FLT130057
GC IC 8 FLTLU0058

7 J11=8 F LT 0059
JY2=9 FLTBOO60
DIPY=DY FLrI30061

8 CONTINUE FLTE0062
F1=IABLG (Ill ,JY1) FLT£30063
F2='IABLG(IX2,JY1) FLT,30064
F3=IABLG (IX I JY2) FLTE0065
F4TABLG (1X2 ,JY2) FLTB0066
XG=Fl.DIFX/DX*(F2-F).DIFY/DY*(F3F)+DIFY*DIFX/(X*DY)*(F4--3 FLTB30067

lF2+F 1) FLTDO066
XG=XG*DX FLTBOC6'
ITB=MU*XG/(TWO*FLOAT (B)) FLTB007C
THI=HW/RADEG FLTB0071
RETURN FLTB0072
END FLrt3C:73

C FZwWooo
*C FZWWC002
*C FUNCTION ZVW FOR COMPUTING THE SELF IMPEDANCES OF STIRANDED WIRES FZIJWOOO3

C FZWWOO0L4
C FZWW~C005

COMlPLEX FUNCTION ZWW*16(RST.,NST,SIG) FZ.WWQO06
IPPEICIT REAL*8 (A-H,O-Z) FZWWO00O7
REAL*8 N!,MUO2PI,XIUO4PI,LDC FZWWO008
CCNPLEX*16 ZE£OC,ONEC,XJ,JOSEGA FZOWO009
DATA P25/.25D0/,ONEP1S,'1.15D0,,P5/.500/,P1S/.15D0/ FZWWOU10
CCMCN /RCON/ ZEROONETWC,THREE,FOURM og!U2PI,'JOLPI, FZh'WCO11
IPI, DADEG, ERTI!,SIGCOP,H ,F,V2 FZWWO012
COMFCN /CCON/ ZEROC,ONEC,XJJONEGA FZWWO0 13
DELTA=ONE/(TWO*PI*ESOR'I(SIG*SIGCOP*F*N4UO4PI)) FZWWO014
RCC=ONE/ (PI*SIG*SIGCOP4REI1*RST) FZWWOO 15
IDC=FUOLIPI/TWdC FZWlU001b
IF(BST.LE.DELTA) GO TO 1 FZWWC017
IF(I4ST.GE.THREE*DELTA) GO TO 2 FZWWO018
ZWW=(P25*(RST/DELTA.THREE)*RDC.JO!FEGA*(ONEP15-P15*RSI/DELTA)* FZWJWO019
1Lrc)/TLCA (NST) FZWWC020

GC TO 3 FZWWO02 1
1 ZNW= lRDC+JCMEGA*LDC) /FLCAT (NST) FZWWO02i

GO 70 .3 FZWWO023
2 ZWW= (P5*BST*HDC/DELTA+JOMEGA*TWO*DELTA*LDC/RST) /FLOAT (NiSf) FZ viW 0024
3 CCNIINUE FL4WO025

RETURN FZ4WO02
END FZWWO027

C FZDBOO0 1
C eZDBOO02
C FUNCTION ZD5 FOR COMPUTING THE DIFFUSION IMPEDANCES CF BRAIDED F7fl80003
C SHIELDS FZI)BOOO0J
C F 3 £0 00 5
C FZ r) B 000 6

COMPLEX FUNCTION ZDB*16(RS,RB,SIGE,THW,B,WPB) FZIB0007
14PLICIT REAL*8 (A-H,O-Z) FZ £3130008
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INTEGER 3,WPE FZDB0007
PEAI*8 'MU,"UC2PI,1 IO4Pl ?ZT)E300lo
COMPLEX* 16 ZEROC,0NEC,XJ,JO.MEGA GA.IDSINH FZOEC011
CC'iMCN /RCCN/ ZER,,ONE.'WC,H7E, FCRMf, UJ2 PI ,t .J,, FZ Di)0012
lPIoP ADE(; *E:TE9 SIGCO?, gF ,V2 FZDBOO13
COGdrCN /CCON/ ZEiR0C,ONEC,XJoJONEGA FZJB014
DELIA=CNE/DSQRT (PI*F*PqU*SIGE*SIGCCF) FZDLV0015
GAN9= ONE+XJ)/DELTA FZD!30016
D=TWO*R8 F Z ) aC 017
SINFI (CDEXP (GAM*;) -CDEXP (-GAM*D) )/fTWC FZ!)BO0018
RDIC=CNE/(PI*RB*RE*SIG2*SIGCCP*PL0AT(E)*ELOAT(WPDI)* FZDiB0019
1DCOS (THW) ) FZDBC020
ZDB=RDC*GAM*D/SINH FZDIJ0021
RETURN FZDB0022
END FZlnfl0)23

C rz5130001
c FZSLOO02 64
C FUNCTTON ZSB FOR COMPUTING THRE SELF IMPEDANCES CF BPAIDED SHIELDS FZSL00O3
C FZSBOO04
C FZSBOO05

CCMrPLEX FUNCTION ZSB*16(RS,RB,SIGB,TIHW,B,WPB) FZSPEOOO6
IFPIICI'I REAL*8 (A-HDO-Z) FZSBO 07
INTEGER BWPB FZSBOO08
REAI*8 M IJ.UO2PI,MIEJ4PI,LDC FZS[!COC9
CCMPLEX*16 ZEROCONEC,XJ,JOMEGA FZSBOO10
CC!!CN /RCCN/ ZEEO,ONE,TIdC,THREE,FCUR,.iU,MUO2PI,K TJOQPI, FZSB30011
1PI,BADEG, ERTE,SIGCOP,R ,F,V2 FZSBC012
CCMMCN /CCON/ ZEROC,CNEC,XJ,JONEGA FSBOO 13
DATA P25/.25D0/,ONEP15/1.15DO/,P5/.5D0/,Pl5/.1500/ FZSBOO14
DELTA=CNE/(TWO*PI*DSQDT (SIGB*SIGCCP*F*!U04PT) ) FZSeOO15
EDC=CNE/ (PI*SIGLE*SIGCOP*RB*RB) FZSBOO 16
tDC=rtJC4PI/TWC FZSBOO17
IP(RE.LE.DELTA) GO TO I FZSBC018
IP(IE.GE.THREE*DELTA) GC To 2 FZSBOO19
ZSB=IP25*(RB/DELTATHRE)*BrC.;,EGA(ONEP15-P5*RBDELA)* FZSB0020
lLrc),(FLOAT(B)*11 LOAT (iP)*DCOS( HW)) FZSBOO21
GC 'IC 3 FZSB0022

1 ZSB=(RDC*JC!IEGA*LDC)/(FLCAT(B)*FLCTIWPB)*DCOS(TH)) FZSB30023
GC To 3 FZSB30024

2 ZSB AP5*RB*RDC/DELIA.JCINEGA*TVO*DELTA*LDC/RB)/(FLO'I(D)* FZSB002
1FIOAT (WIB) *DCCS (THW~)) FZSB0026

3 CCNTINUE FZ330027
RETURN FZSBOO28
E ND FZSBOO29

C FZDSOOO1
c FZDS0002
C FUNCTICN ZDS FCR COMIPUTING THE DIEFUSION IMPEC.ANCES OF FZDS0003
C SOLIIC SHIELDS FZDS0004
C FZDS0005
C FZD50006

CCMPLEX FUNCTION ZDS*16(RS,TS,SIGS) FZDS0007
IRPLICIT REAL*@ (A-HO-Z) FZDS0008
RFAI*8 NU,MU02PI,lUO4PI FZDSOO09
CCNPLEX*16 ZI!ROC,ONEC,XJ,JONEG&,GAM,SINH FZDS0010
CCMMCN /RCCN/ ZERO,ONE,TWC,THREE,FCUD,NU,U2PI,MJ04PI, FZDS0011
IPI,BADEG, ERTE,SIGCOP,R,F,V2 FZDS0012
CCMMIIN /CCON/ ZEROC,ONEC,XJ,JONEGA FZDS0013
DELIA=CNE/DSQRT (PI*F*MU*SIGS*SIGCOP) PZDS0014~
GAM=IONE.XJ)/DELIA FZDS01)15
PIc=CNE/(TVO*PI*SIGS*SIGCOP*TS*(RS-TS/TWO)) FZDS0016
SINH: (CDEXP (GAM*TS) -CDEXP(-GAN*TS) )/TWO FZDS0017
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ZDS=RDC*GAN*TS/SINH FZDS0018 .
RETURN FZDS0019
END FZDS002O

C FZSSOOO1
C FZSS0002

*C FUNCTION ZSS FCR C0hIPUIING TrHE SELF IMPEDANCES OF FZSS0003
C SCLID SHIELDS FZSS0004
C FZSS0OO5
C FZSS0006

CCMFIEX FUNCTION ZSS*16(RS,TS,SIGS) FZSS0007
IMPLICIT REAL*8 (A-H,O-Z) FZSS0008
REAI*8 hUgMUO2PIIIJO4PI FZSSO009
CCMPlEX*16 ZERCC,ONEC,XJ,JOMEGA FZSSOO1O
CCMMiON /RCON/ ZERO,ONE,TWO.TH.EE,FOUREMU,MUO2PIMUO4PI, FZSS0011

1PI 1PADEG,ERTE,SIGt.0PR,FV2 FZSS0012
CCNFCN /CCON/ ZEROCONEC,XJ,JONEGA FZSS0013 4
DELTA=ONE/DSQRT (PI*F*MU*SIGS*SIGCOP) FZSSC014
RSS=CNE/ (SIGS*SIGCOP*DELIA) FZSS0015
CCSH=(DEXP(TWO*TS/DELTA) +DEXP(-TWO*TS/DELTAl/TWdO FZSS0016
SINE=(DEXP(TWO*TS/,)ELTA)-DEXP(-TUVO*TS/DELTA))/Tio FZSS0017
RR=RSS*C(SINH.DSIN(TIIO*TS/DELIA))/(COSH-DCOS(TIWO*TSDELTA)))/ FZSS0018

1 (TWC*PI* (ES-IS/TWO)) FZSS0019
OLI=RSS*((SINJ+-DSIN(IWO*TS/DELTA))/(COSH-DCOS(TWO*TS/DELTA)))/ FZSS0020
1 (TWC*PIO(RS-IS/TWO)) FZSS0021

ZSS=BR+XJ*CLI FZSS0022
RETURN FZSS0023
END FZSS0024

C SPIUL0001
C SMrJL0002
C SUBROUTINE MULTC FOR IULTIPLYING TWO COMPLEX IATRICES SMUJL0003
c SMUL0004
C SMUEL0005

SUBPOUTINE viULTC(A,B,C,NL,NM,NB) S4ULOOO6
*IMPLICIT REAL*8 (A-H.O-Z) SMUL0007

CCMFLEX*16 A(NL,NR),B(NL,NM),C(NMNB),SUMC,ZEROC.ONiEC,XJJOMkEGA SMUL0008
CCRMCN /CCON/ZEROC,ONEC.XJ,JOMEGA SnULOOO9
DO 2 I=1,NL SMULOO 10
DC 2 J=1,NB S4ULO 1
SUMC=ZEROC SM'JL0012
DC 1 K=1,NM 3MIJLOO13

1 SUMqC=SUMC+a(I,K)*C(K,J) SMUJL0O14
2 A(I,J)=StJMC SMUL0015

RETURN SMIJLOO 16
END SMUL00 17

C SCAP0001
C SCAP0002
C SUBSCUTIIE SCAP FOR CCP.PUTING THE INVERSE 0- THE CAPACITANCE SCAP0003
C .4ATR IX SCAPOO04
C SCAP0005

*C SCAP0006
SUBROUTINE SCAP(SS.IND,NU,NS,NT,NUPS ,KEY,NNU, NNS) SCAP0007

* IMPLICIT REAL*8 (A-HO-Z) SCAP0008
*INTEGER KEY (NNS) SCAP0009

REAL'S IND(NT,NT),SS(NI,NT) SCAPOO 10
V=2.997925D8 ScAPOO 11
V2=V'V SCAP0012
DO I I=1,NT SLAPOa3 
DC 1 J=1,NT SCAP00 14

1 SS(I,J)=V2*INDII,J) SCAP0015
IF(Ns. EQ.O) GO TO L4 SCAP00 16

*DO 3 I=1,NS SCAP0017
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IF(RIT(l).EQ.2) GO TO 2 SCAPOO18
SS(IfNOps,I+Nups)=SS (I.N!J,I+Na) SCAP0019

2 CONTINUE SCAP0020
3 CONTINUE SCAP0021
'4 CONTINUE SCAP0022

REIT URN SCAP0023
END SCAP0024

C SINDOOO1
C SIND0002
C SUBRCUTINE INDUCT 7CR COMEUTING THE INDUCTANCE MATRIX SIND0003
C SIND0004
C SIND0005

SUBROUTINE INDUCT(IND,NU,NS,NT,NEJPS,NTYPE,RV,YU,ZW, RS,YS,ZS, SIND0006
1RWP,YP.ZP,RIIH,KEY,NNJ,NNS) SIND0007
IMPLICIT 9EAL*8 (A-H,O-Z) SIND0008
INTEGER KEY (NNS) SIND0009 -

REAL*8 MU,MlU02PI,A1UO4PI SIND0010
REAI*8 IND(NT,NT) ,RII(NNU) .YN(NNU) ,RS 41414) .S INNS) ,RWH(NNS) * SINDO0ll
1ZS(NNs-) ,YP(N!IS) ,ZW INNO) *ZP(NNS) ,RNP(NNS) ,LS1,Lqil,LS2,L 2 SIND0012
COMMON /RCON/ ZERO,ONE,TUO,THREE,FOUB,NU,MUO2PI,MUO4PI, SIND0013
IPI,BADEG,ERTE.SIGCOP,R,F,V2 SIN4D0014
GO 1O 11,29), NTYPE SIND0015

*1 CONTINUE SIND00 16
IF(NU.EC.O) GO To 3 SIND0017
DC 2 11I,NU SIND0018

*2 IND(X,X).=LS1(RII(I),YW(I)) SIN4D0019
3 CCNTINUE SIND0020

IF(NS.EQ.0) GO TO 8 SlND0021
DO 7 11I,NS SIN4D0022
IKEY=KEY (I) SIND0023
GC TO 14,5), IKEY SIND0024

4 IND (I+NU, I+N0) LS1 (RS (I) ,YS (I)) SIND0025
GC IC 6 SIND0026

5 IND (I+NU, I*NU) LSI (RWP (I) Y P (r) SIND0027
6 CONTINUE SIN4D0026

IND(I.NtIPS,I+NUPS)=LSlIRVH(IhYS(I)) SIND0029
7 CONTINUE SIND0030
9 CONTINUE SIND0031
IP(NU.EC.O) GO TO 10 SIND0032
NUN 1=NU-1 SIND0033
DO () I=1, NUMN I SND0034
Ipi =1.1 SIND0035
DC 9 J=IP1,NU SIND0036

9 IND(I,J)=LM1(YW(I) ,YU(J) ZW(I) ZW(J)) SIND0037
10 CCN7INOE SIND0038

IF(NS.EQ.O) GO TO 21 SI4D0039
NSN 1=NS- 1 SIND0040
DO 16 I=1,NSM1 S14DO04 1
1P1=I. 1 SINDO0042
DO 16 J=IPI,NS STND00'43
IF(KEY (I) .Q. bAND. NET(J).EQ. 1) NK=l SIND0044
IF(KEY(I).EQ.1.AND.KEY(J).EQ.2) NK2 SIND00145
IP(%fY(IhVFQ.2.AND.KEY(J).EQ.1) NK=3 SIND0046
IF(KEY(I).EQ.2.AND.KEY(J).EQ.2) NK=4 sINDOO'47
GO TO (11,12,13,14), 14K SIND0048

11 CONTINUE SIND0049
IND(14NU,J.NU)=LMI(YS(I),YS(J),ZS(I),ZS(J)) SIND0050
GO TO0.15 SIND0051

12 IND(I.NU,J*NU)=LN1(YS(I),YP(J),ZS(I),ZP(J)) STND0052
GC 7C 15 SI NDO053

13 IND(I.NC,J.NU=LM(P(),YS(J),ZP(I),ZS(J)) SIND0054j
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*GO 70 15 SINDC055
14 IND(I#IU,J.NU)=LN1(YfP(I),YP(J)ZP(IkIZP(J)) srNDOOS6
15 CONTINUE SINID0057

TND(I.NUPS,J.NUPS)=Ll1(YS(I) ,YS(J).ZS(I) ,ZS(J)) SIND0058
16 CCNI1NUE SIND0059

IF(NU.EQ.O) GC TO 20 SIND0060
Do 19 I=1,NU SINiD00b1
DO 19 J=1,NS SIND0062 .K

IFIREY(J).EQ.2) GO TO 17 SIND0063

GC TC 18 STND0069
17 CONTINUE SI'4D0066

IND(I,J.NU)=LK1(YWi(I)42P(J),ZW(I),ZP(J)) STNDC067
18 CCNTIMUE SIND0066

IND(I,J.NUPS)=L'1(YU(I),YS(J),Zv(i),ZS(J)) SIND0069
19 CONTINUE SINDC07C
20 CONTINUE SIND007 1
21 CC!4IINUR SIND0072

IF(NS.1Q.0) GO TO 28 SIND0073
DC 27 I=1,NS srND0074
IF (HEY (I).EQ.2) GO TO 214 SIND0075
IND (I+NU, IsNUPS) =LS1I(RS (I) ,YS(I) ) sIND0076

DO 23 J=1,NS STND0077
IF(I.EQ.J) GC TO 22 SIND0078
TND(I.NU,JNUPS)=LN1 (YS(I) ,YS(J) ,ZS(I) ,ZS(J)) STND0079

22 CONTINUE SIND0080
23 CTINUE SIND0081

GC T0 26 SI NDC 082
214 CCNIINUE SIND0083

DC 25 J=1,NS SIWD0084
25 IND(I+NU,J*NUPS)=LMI(YP(),YS(J),ZP(I),ZS(J)) SIN00085
26 CCNINUE SIND0066
27 CCNIINUE SIM00087
28 CONTINUE SIND0088

GO TC 57 SIND0089
29 CCNIINUE SINDC090

IF(HU.EQ.0) GO To 31 SINDC091
DO 30 I=I,NU STND0092

30 ID (I, I) LS2 (PU(I) ,YTV(I) ) SIND0093
31 CONTINUE SINDC094

IF(NS.EQ.O) GO TO 36 SI NDOJ 95
DC 35 I=1,NS S14DO096
IK!=K!TY(I) SINDC097
GC TO (32,33) , IKEY SI ND00 98

32 IND (I+NU,I+NU) =LS2 (RS (1) ,YS(I)) SINDC099
GO TO 34 SIND0100

33 IND (I+NU,IGNU) =LS2 (IWP (I),YP (I)) SIND0101
34 CCNIINUE SIND01 02

IND(I+NUPS,I.NUPS) =LS2 (HN(i) ,YS(I)) SINDC103
35 CONTINUE SINDO01014
36 CONTINUE SIND0105

TP(IEJ.1Q.0) GO To 38 SIND0l Ob
NUN 1=NU-1 SIND0 107

* DO 37 I=1,NU41 SIND0108
IP1=I*1SID0C
DO 37 J=IP1,NU STND0110

38 CONTINUE SIND01 12
IF(NS.EQ.0) GO TO 49 SIN~DO0113
NSM1=NS-1 SINDOl 14
DO 44 1=1,NSN1 SINDGl119
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IF1~I+ 1SIND01 16
DC 44 J=1P1,NS SIND0117
I?(KEY(I).EQ.1.AND.KEY(J).EQ.1) NK1l SI4D01 18
IF(KEY(I).EQ.1.AND.KEY(J).EQ.2) NK=2 SIND01 19
IF(FEY(I).EQ.2.AND.KEY(J).EQ.1) N(=.3 SIND0 120
IF](EfY(I).EQ.2.AN0.KET(J).EQ.2) NK=4 SIND0121
GC TO (39,40,41,42), NK SIND0122

39 CCNTINUE SIND0123
IND (I4NIU,J+NU)=LN12 (YS (1) Y~S (J) ,ZS (1) ,ZS(J) ) SIND0124 0
GO TO 43 SIND0125

40 IND (I+NUJ4'IU)=L 2 YS (I) ,YP(J) ,ZS (I) ,ZP (J)) SIND0126
GC TO 43 SIND01 27

41 IND(I+NU,3.NU)=LN2(YP(I),YS(J),ZP(I),ZS(J)) srNDO128
GC IC 43 SIND0129

* 42 IND (I.NU,J+NU)=LN2 (YP (I),YP (J) ,ZP(I) ,ZP(J)) SINDC130
43 CCNTINUE SINiD0131

IND(I*NUPS,J.NUPS)=LM2LYS(I),YS(J),ZS(I),ZS(Jfl SIND0132
4 14 CONTINUE SIND0133

IF(NU.EQ.0) GO TO 48 SIND0 134
DC 47 11I,NU SIND0135
DO 47 J=1,NS SIND01 36
IF(1(!Y(J).EQ.2) GO TO 45 SIND0137
[ND (I,J.NU) =L.42 CYM(I) ,XS(J) ,ZI (I) ,ZS (J) ) SIND0136
GO TO 46 SIND01 39

45 CCNTINUE SN04
IND II.J.NU)=LB2 (YW (I) ,YP(J) .ZN(I) 1ZP(J) ) SIND014h1

46 CONTINUE SIN4D0142

47 CCNIINUE SIND0144
48 CONTINUE SIND0145
49 CCNTINUE .fIND0146

IF(1'S.EC.O) GO T0 56 SIND0 141
DO 55 I=1,NS SINDC148
IF(KEY(I).EQ.2) GO TO 52 SIND00149
IND II.NU,I.NUPS) =LS2 (HS (1) *YS (1) SIND0150
DO 51 J=1,NS SIND00151
IF(I.EQ.J) GO TO 50 SIND0152
INDI.NU,J+NUPS)=LN2(YS(I),YS(J),ZS(1),ZS(J)) SINDO 153

50 CONTINUE SINDC154
51 CONTINUE SIND015

GC IC 54 SIND0156
52 CONTINUE SINDC157

DO 53 J=1,NS SINDO15e
53 INDI.NU,J.NUPS)=L2(YP(),YS(J),ZP(),ZS(J)) SIND0159
54 CONTIN4UE SlNDC160
55 CONTINUE SIND0161
56 CONTINUE S1IND0162
57 CONTINUE SIND01 63

DO 58 1=2,NT SIND0 164
IF1=I-1 SIND0 165
D0 58 J=1,IN1 SIND0166

58 IND(I,J)=IND(J,I) 511400167
RETURN SIND0 168

END SIND0169
C SpHIooo 1
C SPHI0002
C SUBROUTINE PHI FOR COMPUTING TFIB CHAIN PARAMETER 'AIRICES SPH10003
C SPHI0004
C SPH10005

SUBROUTINE PHI (PHIT,NT,TNT,LNIN,GAN.,YYTN,T,TTEP,EN) SPII10006
IMPLICIT HEALS8 (A-H,O-Z) 5PH1000O7
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IWTEGERi TNT 5?1riOO0e
REAL*8I LlIN SPHI0009
CCnFLEX*16 PHI I(Ti,TN ) GA(N) Y (N,N) YllV(N, 14) r (Nr,NT). SP4 rO) 10

* 1TI(NT.N7),EP(NT),EN(NT) SPHI10011
CCMFLEX*16 ZEROC,ONEC. XJ,JCMF.G.A,SUMC,SUMC1,SlJMC2 SPIII0012
COMMON /CCON/ ZEHf)C,ONEC,XJ,JOMEGA 3P11I0013
TWO'=2.DO SPI001o4
DC 1 I=1,NT SPHIO015
EP(I)=CrEXP(GAN(I) *LMIN) spllIoole

1 EN(I)=C!DEXP(-GA4(I)*LMIN) SPFIIOO 17
DC 3 I=1,NT SPHIC018
DG 3 J=1,NT 32PHI0019
SUl C=ZERCC SPH110020
SUNC1=ZEROC SPH10021
SUMC2=ZEROC SPHI10022
DC 2 K=1,NT 32PH10023

* SUMCI=SU'!C1+T(I,K)*(EP(K)+EN(K))*TI(KJ)/TWO SPHI0024
* ~SUMC2=S(JRC24T(I,K) *GAN (K) *(EP (K)-EN (N)) *11(K,J)/TWO SPH10025

2 SUMC=SUCT(I,K)*(EP(K)-EN(K))*TIIK,J)/(TO*GAN(K)) SPH110026
PHII 11,J)=SUMC1 SPHI0027
PPHIl(I,JGNT) =-SUMC2 SPHI0028
PHI! (IGNT,J) =-SUMC SPHI10029

3 PHIl (.+NIT,J+NI) =SUNC1 SPH10030
DC 5 I=1,NT SPHIOD31
DO 5 J=1,NT SPH110032
SUMC=ZEHOC SPH10033
SUMC 1=ZEROC SPRIO034
DC 4 K=1,N4T SPHI0035
SU1C=SUMC+YINV(I,K)*PHIT EK,J) SPHI10036

4SUIlCI=SUNC1+YINV(1,K)*PH1I(K,J#NT SPHI0037
T (I ,J) SU.C 521110038b

5 TI (I J) =SU mc1 SPH110039
DC 7 I=1,NT SPHI10040
DO 7 J=1,NT SPH11004 1
SUMC=ZEROC SPHI0042
SUMC1=ZpROc S PII10043
DO 6 KlgN1T SPH10044.-
SUNC=SUOIC+T (I K) *Y (K, J) SPH10045

6 SIJMCl=S'MC1PHIT(I.NTK)*Y(K,J) SPHI0046
P HiI (I ,J)S= SC 4 c SPH0047

7 YINVI1,J)=SUiCl SPH100L48
DC a r=1,NT SPHI0049

*DC 8 J=1,NT sP~IIo000
PHII (I J+NT) =Tl (1,J) SPH10051

8 P81 PE (I+NT,J) =YINV (I,J) SP11I0052
R ET URN SPH110053
END SPHI0054

C SADMOO01
C SADIIOO02

* c SUBBCUTINE ADMADIE FOR ACDING ELASTANCES TO THE INVERSE SADMC003
C OF THE CAPACITANCE MATRIX SADHOO04
c SADHOO05
C SADR0006

* SUBROUTINE ACNADD(KEY,NUoNS,NT,NUPS,DS,TS,RVHERS,SS,STV INNUNNS) SADHOO07
IPIICIT REAL*8 (A-H,O-Z) SADMOO08 T
INTIGER KEY (NNS) SAOMC009
B7A1*8 MU,MU2PI,n(JO4PI SADHOO10
REAL*8 RS INNS) ,TS (MIS) IRWH(NNS) ,ERS (INS) ,SS(NT,NT) ,STV(NNS) SAD40011
COMMN /ICON/ ZEBO 1CNE,TVO,THREE,FOUR1 NU,NiUO2PI,muo4PI, SADR0012 J

1P1,BADEG,ZBTE,SIGCOP,P IFV2 SADHOO13
*IF(WS.EQ.0) GO TO 4 SADMOO14
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* DC 3 ri=,ms SAD! 0015
* IF(IC!Y(I).EQ.2) GO TO 1 SADMl0016

SIR A NSTV (I) SADMOO 17
-' SuU=DLCG(S()-!15(I))/RIIH(I))/(TjO*EI*EBS(I)*ETE) SADM 0018

GC TC2 SADM~OO19
I CCNIINUE SADMOO20
SIRAW=ZERO SAD100O21
SWI=ZERO SAD1OO22

*2 CCNT[NUE SADMOO23
SS(I.NU,IGNUPS)=SS(I+NU,I+NUPS) .STRAN SADMCO24
SS(I.NUPS,I.NU)'=SS(GNUPS,I+NJ) SIRAN SADMOO25
SS(I+NUPS,I.NUPS) =SS(14NUPS,IGNUPS) 4SWU+STRAN SADMIOO26

*I CCN INUE SADM0O27
'4 CONTINUE SADM0028

RETURN SADM00290
END SADM0030

C SIMPOO01
C SIMPOO02
C SUB9CUTTNE IMPADD POR AM~lNG IMPEEANCES TO THE IMPECANCE SIAP0003

*C MIATPIX SIMPOO04
C SIMPOO05

C SIMPOO06
SUBROUITINE 1IMPADO (Z,KEY.NUNS,NT, NUES,ZSV,ZDVLTV,ZNPLV, ZWWHV, SIMP00070
I NNU,NNS) sImpoooB

IP!PLICIT REAL*8 (A-H,O-Z) SIMPOO09
RFAI*8 MT,NU2PI,M OO4PILTRAN,LTB siFIpoolo
CCMPLEX*16 ZERCCONEC,XJ,JO1EGA STMPOO 11
INTEGER KEY(NNS) SIMPOO!2
REAL*8 LTV(NNS) SIME0013
CCNIEX*16 ZSELFgZD]IFZ(NTNT)eZSV(NPS),ZDV(NNS),ZVEtV(NNSI , SIMPOOL.
1ZNNHV (NNS) SIMPOO15
CCNMCN /RCON/ ZERO,ONETVO,THREEFOURMUNU2PINU'4PI, SIM P0016

IPI, LRDEG,ERTE,SIGCOP,H,P,V2 SIMPOO17
COMMON /,CCON/ ZEROC,ONEC,XJ,JOMEGA SIIIPC018
IP(VS.EQ.O) GO TO L4 SIMPOO19
DO 3 I=1,NS STMPOO20
IF(I(EY(I).EQ.2) GO TO 1 SIMPOO21 .
ZSELF=ZSV (I) SIMPOO22
ZDIF=ZDV (I) STMP0023
LIRA W=LIV (1) S14P0024
GO To 2 SIMPOO2j

1 CCNIINOE SIMPOO26
ZSEtF=ZWPLY (I) SISPOO27
ZCIFIZSELF SIM028
LT FA4= ZERO SIMPOO290

2 CCNTINUE S14P0030
Z(I*NU,INU)~=Z(I*NU,I.NU).zsELF SIM P0031
Z(I.IU,I*NUPS)=Z(I.NO,I4NUPS) +ZSEL1-2E:IF-JONEGA*LTRAN SrrPOO32
Z(I+NUPS,I.NU)=Z(I+NUPS.INU).ZSELP-ZEIF-JO!GA*LTPA4 SI1P0033
Z(I+NUPS,I.Nups)=Z(INUPS,I.+NUPS).Tuc.(ZSELF-ZDIF-JCIEGA*LTHAN) SIMIPOO34

1.ZWHV (I) STMPOO35
3 CCNIINUE SIflP0036
'4 CONTINUE STMP0037

RET URN SIMPOO38
END SIMP0039
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APPENDIX B

Conversion of SHIELD

to Single Precision
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Conversion of SHIELD to Single Precision

Delete 0038

Card Double Precision Single Precision

0039 REAL*8 REAL

0041 COMPLEX*16 COMPLEX

0063 REAL*8 REAL

0075 COMPLEX* 16 COMPLEX

0090 REAL*8 REAL

0091 COMPLEX* 16 COMPLEX

0103 REAL*8 REAL

0108 COMPLEX*16 COMPLEX

0117 0. ODO 0. OEO

0118 L.ODO 1.OEO

*0119 2.ODO 2.OEO

0120 3. ODO 3.OEO

0121 4. ODO 4.OEO

0122 2.54D-5 2.54E-5

0123 2.D-7 2.E-7

0124 1. D- 7 1.E-7

0125 180.DO 180.E0

0126 2.997925D8 2.997925E8

0127 5.8D-7 5.8E-7

0128 CMPLXCMP0

0128 DCMPLX CMPLX

0129 DCMPLX CMPLX

0131 DATAN ATAN

143



k m . ! ! . - ! n.. ! - i - . _ • - . . - "

Card Double Precision Single Precision

0241 45.DO 45.EO

0345 DSIN SN

0346 DCOS COS

0347 DSIN SIN 0

0348 DCOS COS

0351 DSQRT SQRT

0351 DCOS COS

* 0352 DATAN2 ATAN2

0352 DSIN SIN

0353 DCOS COS

0354 DSQRT SQRT

. 0354 DCOS COS

0355 DATAN2 ATAN2

0355 DSIN SIN

0356 DCOS COS

0530 DCMPLX CMPLX

0609 DREAL REAL

0620 CDSQRT CSQRT

• 0680 DREAL REAL

0691 CDSQRT CSQRT

0735 DREAL REAL

* 0746 CDSQRT CSQRT

* 0774 DREAL REAL

0785 CDSQRT CSQRT

0931 CDABS CABS
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Card Double Precision Single Precision

0932 DREAL REAL0

0933 D IMAG AIMAG

0934 DATAN2 ATAN2

0936 CDABS CABS

0937 DREAL REAL

0938 DIMAG AIMAG

0939 DATAN2 ATAN2 -

0950 CDABS CABS

0951 DREAL REAL

0952 DIMAG AIMAG

0953 DATAN2 ATAN2

0955 CDABS CABS

0956 DREAL REAL

0957 DIMAG AIMAG

0958 DATAN2 ATAN2

FUNCTION LSl

0007 LS1*8 LSl

Delete 0008

0009 REAL*8 REAL

0012 DLOG ALOG

FUNCTION LMl

0007 LMl*8 LMl

Delete 0008

0009 REAL*8 REAL

0015 DLOG ALOG
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FUNCTION LS2 -

0007 LS2*8 LS2 .-
Delete 0008

0009 REAL*8 REALJ

0012 DLOG ALOG

FUNCTION LM2

-0007 LM2*8 LM2

Delete 0008

0009 REAL*8 REAL

*0016 DLOG ALOG4

0017 DCOS Cos

*0017 DCOS Cos

FUNCTION STB

0007 STB*8 STB

* Delete 0008

0010 REAL*4 REAL

0011 REAL*8 REAL

0020 DCOS Cos

0023 1. OD-2 1. OE-2

*0024 5. ODO 5.OEO

0026 5. OD-2 5.OE-2

0045 45. ODO 
45. OEO7-
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FUNCTION LTB

0007 LTB*8 LTB

Delete 0008

0010 REAL*4 REAL

0011 REAL*8 REAL

0020 DCOS Cos

* 0023 1O-2 lO-

0024 5. ODO 5. OEO

* 0026 5. OD- 2 5.OE-2

0045 45. ODO 45.OEO

FUNCTION ZWW

0006 ZWW*16 zWW

Delete 0007

0008 REAL*8 REAL

0009 COMPLEX*16 COMPLEX

0010 Change all D's to E's

0014 DSQRT SQRT

FUNCTION ZDB

0007 ZDB*16 ZDB

Delete 0008

0010 REAL*8 REAL

0011 COMPLEX*16 COMPLEX

0015 DSQRT SQRT

0018 CDEXP CEXP

0018 CDEXP CEXP _

0020 DCOS Cos
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FUNCTION ZSB

0006 ZSB*16 ZSB

Delete 0007

0009 REAL*8 REAL

0010 COMPLEX*16 COMPLEX

0014 Change all D's to E's

0015 DSQRT SQRT

0021 DOS Co
0021 DCOS Cos

0023 DCOS Cos

FUNCTION ZDS

0007 ZDS*16 ZDS

Delete 0008

*0009 REAL*8 REAL

0010 COMPLEX*16 COMPLEX

0014 DSQRT SQRT

0017 CDEXP CEXP

*0017 CDEXP CEXP

FUNCTION ZSS

*0007 ZSS*16 zss

*Delete 0008

-0009 REAL*8 REAL

*0010 COMPLEX*16 COMPLEX

*0014 DSQRT SQRT

006DX X
*0016 DEXP EXP
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FUNCTION ZSS (Cont'd)

0017 DEXP EXP

0017 DEXP EXP

0018 DS IN SIN

0018 DCOS Cos

0020 DSIN SIN

0020 DCOS Cos

SUBROUTINE MULTC

Delete 0007

0008 COMPLEX*16 COMPLEX

SUBROUTINE SCAP

Delete 0008

0010 REAL*8 REAL

0011 2.997925D8 2.997925E8

SUBROUTINE INDUCT

* Delete 0008

0010 REAL*8 REAL

0011 REAL*8 REAL

SUBROUTINE PHI

Delete 0007

0009 REAL*8 REAL

0010 COMPLEX* 16 COMPLEX

0012 COMPLEX*16 COMPLEX

0014 2.*DO 2.EO
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A*2

SUBROUTINE PHI (Cont'd)

0016 CDEXP CEXP

*.001? CDEXP CEXP

SUBROUTINE ADMADD

* Delete 0008

0010 REAL*8 REAL

0011 REAL*8 REAL

0018 DLOG ALOG

SUBROUTINE IMPADD

Delete 0009

0010 REAL*8 REAL

*0011 COMPLEX*16 COMPLEX

0013 REAL*8 REAL

*0014 COMPLEX*16 COMPLEX
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APPENDIX C

Flowchart of SHIELD
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START

General comments concerningED lapplicability of the program (2

Declare variable and array types.

Dimension arrays

Define constants and

(~) common blocks

Read and print input data E

Read and print line structure data

Read and print unshielded wire data

*18

NSO
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Redand print shielded cable data
Ra (including pigtail data)

58

Read and print terminal characteristics data
(including shield grounding data)

~Read frequency and compute "

per-unit-length conductor impedances

S .

Store right pigtail arlengths f in LPT and initialize

chain parameter matrix of right pigtail section,
PHIR, to the identity matrix ,

n4

Determine longest pigtail, LMAXR, in array LPT

LMAXR-_
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Determine shortest pigtail, LMINR, and set entries,
O ~ ~~~in array KEY to indicate for each cablewehr sed ___.

|whether a shield (1) or a pigtail (2)
•is present over LMINR A

J Compute chain parameter matrix of this right pigtail
S section of length LMINR and store in PHIT

. Multiply this section chain parameter matrix PHIT,

and the previous, accumulated chain parameter matrix,
PHIR, as TPHI = PHIR*PHIT and restore in PHIR

Subtract LMINR from each previous pigtail length

and restore in array LPT (2

Store left pigtail lengths in LPT and initialize chain
parameter matrix of left pigtail section, 0

PHIL, to the identity matrix

137

Determine longest pigtail,S LMAXL, in array LPT

XLMAXL=0

1I

154



Determine shortest pigtail, MINL,

and set entries in array KEY to indicate for each
cable whether a shield (1) or a pigtail (2)

is present over LMIN j

Compute chain parameter matrix of this left pigtail

section of length LMINL and store in PHIT

Multiply this section chain parameter matrix, PHIT,

and the previous, accumulated chain parameter matrix,

PHIL, as TPHI=PHIT*PHIL and restore in PHIL

Subtract LM from each previous pigtail
shiellength and store in array LPT

LSHLD=0

SLSHLD#O

-
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line Compute overall chain parameter matrix for a j-
line having no shielded cables and store in array TPHI

173

Rearrange rows of chain parameter matrix .

Rearagecolumns of chain parameter matrix

ED Incorporate terminal conditions and form equations (2-62)

[solve equations (2-62) and form equations (2-61)

Print magnitude and phase of terminal voltages

• / Ad ~ES _ /'T
Additional
fr equency 104
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* Of

Rome Air Development Center
IAVC ptan6 and executes 'rezea~ch, deveopment, tes&t and
6etec-ted acquii.4tion ptogtw in scippo~t o6 Command, ContwZt
CommrunicatiZons~ and InteLigence (C31) activities. Technicat
and engineeting suppott~ wL~thn a.'ea.6 o6 techniLcat competence
iz potoviLded to ESV Ptog'tam O66ce.6 (P0.6) and othet ESO
etement6. The p'rincipat technicat mizzion aAea.6 a're
comunicatons, etect'omagnetic gui..dance and con-t't, .6UA-
vei.Lance o6 g4ound and ae'to.pace objects, intetLigence da-ta
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phqy,.Zc4 and eectAonic 'Letiabitity, minntainabiLtqt and

* cornpatibitity.


